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Abstract 20 

Plastic pollution is a growing problem, not at least in areas where poor waste management results in 21 

direct pollution of coastal zones, such as South Asia and regions in Africa. In addition to the effect 22 

on ecosystems and their related services, plastic pollution may also affect human health indirectly 23 

as vectors for infectious disease. As plastic offers a suitable surface for the attachment of biofilm 24 

forming bacteria, it may contribute to disease outbreaks and antimicrobial resistance. To investigate 25 

the role of plastic litter as potential vectors for pathogenic bacteria, we collected plastic litter from 26 

four rural sites in Zanzibar, and isolated adhered bacteria. Isolates were short-read sequenced for 27 

further molecular analysis. This revealed that collected plastic litter was associated with diverse 28 

bacterial species, including human pathogens Citrobacter freundii, Klebsiella 29 

pneumoniae and Vibrio cholerae. Furthermore, most isolates were found to be multidrug resistant. 30 

Our findings confirm that plastic litter, serve as novel reservoir for human multidrug resistant 31 

pathogenic bacteria that combined with poor sanitation and waste handling, may lead to 32 

transmission of infectious diseases and antimicrobial resistance. These findings add a new level to 33 

the environmental challenges with plastic pollution; the potential health risk associated with 34 

exposure to plastic litter. 35 

 36 

  37 

 38 

 39 

40 
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1. Introduction 41 

1.1 Global burden of infectious disease 42 

Infectious disease is responsible for an estimated 22% of annual deaths worldwide [1]. For example, 43 

enteric infections commonly occurring in low and middle income countries (LMICs) are a leading 44 

cause of death in children under the age of five in LMICs [2]. In addition to malnutrition and 45 

dehydration resulting from repeated episodes of diarrhea, there is a high risk of developing invasive 46 

infections that are becoming increasingly harder to treat due to the prevalence of multidrug resistant 47 

(MDR) bacterial pathogens [3]. Transmission of enteric pathogens mainly occurs directly through 48 

contaminated food or water in areas with limited access to clean water and sanitation; however, 49 

many bacterial species are able to survive in environmental reservoirs between human hosts.  50 

 51 

1.2 Bacterial survival strategies in the environment 52 

Environmental survival of bacteria is primarily mediated by the general ability of bacteria to 53 

aggregate and adhere to surfaces forming micro colonies, commonly referred to as biofilms [4]. 54 

These biofilms are ubiquitous in nature and often consist of multiple species packed in a self-55 

produced slimy matrix, the extracellular polymeric substances (the EPS). Biofilm formation confers 56 

protection to the microorganisms against hostile conditions and enables their dispersion [5]. The 57 

EPS consists of mainly hydrophobic compounds that create channels allowing the bacteria to 58 

generate hydrophobic environments on the surface and reducing ionic repulsive forces, which 59 

ultimately aids the colonization of the surface [6]. Biofilms are most often associated with 60 

aquatic/moist surfaces, which can be of any kind, biological or non-biological [7,8]. Importantly, at 61 

a phenotypic level bacteria in biofilms exhibit increased stress survival, extensive antibiotic 62 
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tolerance and enhanced gene transfer between species [9]. Bacterial biofilms are thus considered a 63 

hot-spot for transmission of antimicrobial resistance between species [10].  64 

 65 

1.3 Global burden of plastic pollution 66 

Global plastic pollution has gained increased attention in recent years, largely due to the adverse 67 

effects on ecosystems and marine animals [11,12]. Apart from direct effects such as entanglement 68 

in fishing nets, plastic litter may also serve as a vector for pathogenic bacteria, posing a risk to both 69 

the environment [13]and human health [14] and plastic pollution has recently been suggested as an 70 

important environmental vector for spreading of antimicrobial resistance [14].  The majority of 71 

marine plastic pollution originates from land, mainly from LMICs with poor waste management 72 

infrastructures, where we in the last decade have witnessed an extreme accumulation of plastic litter 73 

in both urban and rural areas [11,15]. In addition to the global environmental impact, plastic 74 

pollution also drastically affects local communities by affecting fisheries and tourism [16].  75 

 76 

1.4 Plastic pollution in Zanzibar, Tanzania 77 

On the island Unguja, in Zanzibar, Tanzania, a significant part of solid waste ends up in formal and 78 

informal dump sites [17–19], resulting in uncontrolled dissemination of plastic litter to the 79 

environment. In order to reduce plastic pollution, small businesses are collecting and recycling 80 

plastic litter from the hotels on the island [12], but plastic waste is becoming a growing problem on 81 

Zanzibar. Furthermore, waste generated in peri-urban and rural areas is not collected, and is instead 82 

accumulating in the aforementioned informal dumping sites or found scattered in the environment. 83 

Locals conduct some clean-up activities for recycling purposes, but combined with limited access to 84 

clean water and sanitation, this may lead to inadvertent exposure to pathogenic bacteria adhering to 85 
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the plastic waste, as plastic offers a suitable surface for the attachment of biofilm forming bacteria 86 

[20].  87 

 88 

1.5 Plastic-associated bacterial communities 89 

After a short period of being disposed to aquatic systems, plastic debris become more charged and 90 

hydrophilic, promoting bacterial adhesion [6]. In support of this, in recent years, DNA from diverse 91 

microbial species including potential human pathogenic microbes has been isolated from marine 92 

plastic particles, indicating extensive microbial colonization on marine plastic [20–24]. This 93 

microbial colonization has been coined the Plastisphere [23]. Furthermore, it has been reported that 94 

bacteria can survive for longer periods when associated with marine plastic than in surrounding 95 

environments, [25,26]. One exception is seaweed, which has been reported to support extended 96 

survival of bacteria [27]. It has also been shown that Gammaproteobacteria are the principal class 97 

of bacteria present in the first stages of plastic colonization [28]. This raises concerns as this class of 98 

bacteria includes several human pathogenic species like Vibrio cholerae, Salmonella enterica, 99 

Escherichia coli, and many others. Accordingly, marine plastic particles has been suggested to 100 

constitute a global vehicle for micro-organisms potentially contributing to the global spread of 101 

human pathogens and antimicrobial resistance [29].  The extent of this has not been fully 102 

investigated, however, and would depend on the ability of the different species to survive for 103 

extended periods of times on these marine plastic particles.  104 

 105 

1.6 The potential of plastic-litter to serve as vector for transmission of infectious disease 106 
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Given the prevalence of bacterial species associated with marine plastic debris, it is possible on a 107 

local scale, that plastic litter scattered in rural and peri-urban areas with poor sanitation facilities 108 

and limited waste management infrastructures constitutes a major human health risk by serving as 109 

novel vectors for pathogenic species. Specifically, due to contamination with human and animal 110 

feces containing enteric pathogenic bacteria, the local population may be exposed to pathogens 111 

when collecting plastic litter for reuse and/or recycling. This is supported by a recent report 112 

showing that an outbreak of typhoid fever was associated with recycling of plastic bottles [30]. 113 

Furthermore, biofilm formation is a critical factor for Vibrio cholerae (the causative agent of 114 

cholera) environmental persistence and dissemination [31]. However, the potential link between 115 

plastic litter and spread of infectious disease and antimicrobial resistance remains to be elucidated. 116 

 117 

1.7 Background and aim of the study 118 

The aim of the present study was to investigate whether plastic litter in rural and peri-urban areas of 119 

Unguja, Zanzibar, Tanzania, poses a risk to the local community due to colonization by pathogenic 120 

and antimicrobial resistant bacterial species such as V. cholerae. Zanzibar has experienced recurrent 121 

epidemics of cholera, with the most recent outbreak occurring during 2015 to 2017, where more 122 

than 33,000 people were infected and more than 550 died (World Health Organization, WHO). 123 

Furthermore, as studies have reported that Tanzania including Zanzibar have a high prevalence of 124 

antibiotic resistant bacteria [3,32,33], plastic litter may also contribute to the spread of MDR 125 

genetic elements. Accordingly, to investigate the association of pathogenic and MDR bacterial 126 

species with plastic litter, as an indication that plastic may serve as vector for spread of these, we 127 

have collected plastic-litter samples representing a variety of different plastic products from four 128 

sites on Unguja selected based on recent focal points of cholera outbreaks [34] and regions with 129 
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poor sanitary facilities. From these samples, we have isolated pathogenic bacterial species using 130 

selective culturing. Isolates were subjected to short-read sequencing to identify antimicrobial 131 

resistance genes. Furthermore, isolates were assessed for phenotypic antimicrobial resistance and 132 

their ability to form biofilm on two types of plastic. 133 

  134 
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2. Materials and methods. 135 

2.1 Sampling sites 136 

A preliminary study for identification of sampling stations was carried out in Zanzibar in August 137 

2018. The aim was to identify suitable stations based on the criteria that they were locally regarded 138 

as potential focal points for spreading of infectious disease, including for a recent cholera outbreak 139 

on the island [34]. A total of nine stations were surveyed during the preliminary study, all of them 140 

polluted with plastic litter. Four stations (Mtopepo (MP), Mwanakwerekwe (MK), 141 

Kinazini/Lumumba (KL), and Daraja Bovu (DB), were identified as suitable plastic litter sampling 142 

sites, since the sites were: i) known as areas for infectious disease and where cholera had been 143 

found in the past and ii) were areas where local population used the water in their daily life (e.g. for 144 

washing clothes and fishing) (Figure 1). The four sites spanned a region of 27 km North-South and 145 

5 km East-West.  146 

Station #1: Mtopepo (MP), GPS coordinates: 6°08'46.0”S 39°13'14.5”E.  A small settlement 147 

with a stream used by locals for washing of clothes. Waste was lying in the water and on the banks 148 

of the stream.   149 

Station #2: Mwanakwerekwe (MK), GPS coordinates: 5°59'39.2"S, 39°11'25.3"E.  This site 150 

was situated near an unofficial dumping site with abundant plastic litter. A small stream carries 151 

polluted water from residential areas through the area.  152 

Station #3: Kinazini/Lumumba (KL), GPS coordinates: 6°09'24.7"S 39°12'21.3"E. 153 

The station is situated in a rural area where a small stream carries water polluted from local 154 

residential buildings towards the ocean. Plastic litter was scattered in and on the banks of the 155 

stream.  156 
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Station #4: Daraja bovu (DB), GPS coordinates: 6°13'10.8"S 39°12'51.7"E. An unofficial 157 

dumping site with widespread plastic litter. A large stream flows through the area and carries 158 

polluted water from upstream residential buildings. 159 

 160 

2.2 Collection of samples and isolation of bacteria  161 

Plastic litter samples were collected at the four locations in September 2018 (Figure 1). Four to 162 

seven samples representing a variety of different plastic products were collected at each site. Single-163 

use gloves were used to collect samples to avoid contamination and to reduce health risk from 164 

exposure to pathogens associated with the plastic. Scissors were used to cut appropriate sized pieces 165 

(e.g. 5-6 cm2) of plastic from the litter and were sterilized with ethanol between samples to avoid 166 

cross contamination. The collected plastic pieces were transferred to zip lock plastic bags. To 167 

preserve the viability of colonized bacteria the samples were not frozen, but stored dry for further 168 

analyses in the laboratory at Roskilde University, Denmark.  169 

Upon return to the laboratory in Denmark, samples were rinsed with sterile saline (0.9% NaCl) to 170 

remove loose particles of soil and microorganisms. The plastic pieces were cut into smaller pieces 171 

with sterilized scissors and transferred to a tube with 10 mL sterile saline. Samples were then 172 

vortexed rigorously (2 x 5 minutes at max speed) to release adherent bacteria. Serial dilutions were 173 

made and plated on LB agar plates with and without the following antibiotics (ampicillin 174 

100µg/mL; kanamycin 50µg/mL; tetracycline 50µg/mL; ciprofloxacin 1µg/mL). All antibiotics and 175 

growth media were purchased from Sigma-Aldrich. For Vibrio isolation an enrichment step was 176 

included in which saline with bacteria were inoculated overnight at 37°C in static alkaline peptone 177 

water (Sigma-Aldrich) as described in [35]. Surface pellicles were isolated, diluted and plated on 178 

VibrioChrom agar, and Thiosulfate Citrate Bilesalts Sucrose (TCBS) agar (Sigma-Aldrich). 179 
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Multidrug resistant isolates and Vibrio cholerae positive isolates were selected for molecular and 180 

phenotypic characterizations. 181 

 182 

2.3 Plastic polymer analysis 183 

Fourier Transform Infrared spectroscopy (FT-IR) was used for non-destructive analyses of chemical 184 

composition of the plastic samples [36] (Table 1). All samples were analyzed on a PerkinElmer 185 

Spotlight i200 FT-IR (Perkin Elmer, Waltham, Massachusetts, United States), using Attenuated 186 

total reflection (ATR) mode with acceptance rate at 90%. Spectra were compared with our 187 

references FT-IR library in order to determine polymer composition. The library is based on a 188 

standard commercial library that has been updated with spectra from environmental samples since 189 

2016. (See supplementary materials S3 for IR spectra of each sample).   190 

 191 

2.4 16S rRNA gene analysis 192 

To determine the genus of selected isolates, a 16S rRNA gene analysis was conducted. To this end, 193 

16S rRNA gene specific PCRs were performed on three to four isolates from each sample showing 194 

either positive V. cholerae cultivation (described above) or exhibiting MDR on selective plates. 195 

Primers used for 16S PCR were the universal primer set 16SRev (806r):  196 

GGACTACHVGGGTWTCTAAT and 16SFwd (515f); GTGCCAGCMGCCGCGGTAA) targeting 197 

the V4 region of the 16S rRNA gene as recommended by the Earth Microbiome Project [37,38]. 198 

PCR cycling used was:  Step 1: 98°C 5 min, step 2: 95°C 45 sec, step 3: 50°C 60 sec, step 4: 72°C 199 

90 sec. 35 cycles of step 2-4, step 5: 72°C 10 min, step 6: cool down to 4°C. PCR products were 200 

purified and sequenced by Sanger capillary sequencing. Sequences were analyzed using the BLAST 201 

server hosted by NCBI.  202 
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 203 

2.5 Biofilm analysis 204 

Seven isolates were selected for biofilm analysis. For this purpose a Crystal Violet assay was 205 

performed as described in [39]. Overnight cultures of bacteria were harvested through 206 

centrifugation at 8000 rpm for 10 minutes and resuspended in 5 ml LB. OD600 was adjusted to 0.5 207 

for each sample in LB.  200µL of each strain was added to four wells (technical replicates) of a 96 208 

well plate made of either polypropylene (PP) or polystyrene (PS). Polymer types were selected to 209 

represent polymer types of plastic litter, but also based on availability of sterile 96 well plates from 210 

commercial manufacturers. Four technical replicates were made for each culture. The plates were 211 

incubated for 48 hours at 37°C. Liquid was removed from the wells, and the wells were washed 212 

twice with 200µL distilled and sterile water. The biofilm was stained with 200µL 0.1% Crystal 213 

Violet (in water) for 15 minutes. Liquid was removed from the wells and wells were washed 3 times 214 

with 300µL sterile MQ water. The bound Crystal Violet was solubilized with 200µL 96% Ethanol. 215 

The OD590 was measured using a plate-reader (BioTek). The experiment was repeated three times, 216 

with three biologically independent cultures. 217 

 218 

2.6 Microbial inhibitory concentration determination 219 

Overnight cultures of bacteria were harvested through centrifugation at 8000 rpm for 10 minutes 220 

and resuspended in 5 mL of 0.9% NaCl. The OD600 was adjusted to 0.01 for each sample in 0.9 % 221 

NaCl. The antibiotics tested are ampicillin, ciprofloxacin and kanamycin. The highest concentration 222 

tested for each drug was 1000 µg/mL ampicillin, 10µg/mL ciprofloxacin, and 500µg/mL 223 

kanamycin. A two-fold serial dilution of drug was made in LB medium from row A to row G in a 224 

96-well plate. Row H remained drug free (positive growth controls). Each drug was tested in seven 225 
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concentrations and the lowest concentration for each drug was 15.625µg/mL ampicillin, 226 

7.8125µg/mL kanamycin, and 0.16µg/mL ciprofloxacin, respectively. The concentrations of drugs 227 

tested were selected to cover a range of clinically relevant levels of resistance (The European 228 

Committee on antimicrobial Susceptibility Testing, EUCAST). Bacteria were added to each well, 229 

two columns for each isolate for technical replication. Two columns remained sterile (media 230 

controls). The plates were incubated overnight at 37 °C. After 20-24 hours, OD600 was measured on 231 

a plate reader. Minimal Inhibitory Concentrations (MICs) were defined as the concentration of drug 232 

that inhibits more than 99.5% of bacterial growth. The experiments were repeated three independent 233 

times (biological replications). 234 

 235 

2.7 DNA extraction, short-read sequencing, and data analysis 236 

A total of ten isolates were chosen for short-read sequencing. All of these are listed in Table 1 and 237 

Table 2. The isolates are from nine distinct samples, from three distinct sampling sites, from six 238 

different polymer types, and of five distinct bacterial species (Table 1). To extract genomic DNA, 239 

overnight pure cultures of bacteria were harvested through centrifugation at 8000rpm for 10 240 

minutes and resuspended in 0.4 mL Tris-EDTA. Bacteria were lysed with 5% SDS, and Proteinase 241 

K in pH 9.5. Lysates were treated with RNase and aspirated. Genomic DNA was extracted with 242 

phenol/chloroform and precipitated with ethanol. Concentration and purity was measured on a 243 

Nanodrop. Absence of RNA was confirmed by agarose gel electropohoresis. DNA was shipped for 244 

short-read (150 nucleotides) paired-end sequencing using the BGISeq-500 platform (BGI Europe 245 

A/S, Ole Maaløesvej 3, 2200 Copenhagen N, Denmark). Short-reads were analyzed by the 246 

ResFinder server (https://cge.cbs.dtu.dk/services/ResFinder/) [40] to identify antibiotic resistance 247 

genes. Resistance genes with more than 98% identity to database reference genes were included in 248 

Table 2. Potential plasmids were identified using (https://cge.cbs.dtu.dk/services/PlasmidFinder/) 249 

https://cge.cbs.dtu.dk/services/ResFinder/
https://cge.cbs.dtu.dk/services/PlasmidFinder/
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[41]. Genetic organization of resistance genes was further investigated by mapping short-reads to 250 

reference genes using the Geneious software package following by BLASTing of flanking regions 251 

using the BLAST server hosted by NCBI. In this way, we determined coverage of each resistance 252 

genes and whether resistance genes of the isolates are linked. Furthermore, by comparing read 253 

coverage of resistance genes to Multi Locus Sequence Typing (MLST) genes (chromosomal), we 254 

approximated, if resistance genes were present in multiple copies relative to chromosomally 255 

encoded genes [42]. Species, subspecies and serotypes were determined when appropriate by 256 

BLAST-analysis (NCBI). All sequencing results can be found in the Sequence Read Archive (SRA 257 

server) under accession number PRJNA596383. 258 

 259 

2.8 Analysis of MDR plasmid from CF_20.1 260 

The complete sequence of the MDR plasmid isolated from CF_20.1, was determined by re-261 

sequencing using Sanger capillary sequencing of 10 PCR products designed to cover the entire 262 

plasmid. Primers used for this were designed according to guidelines in Sambrook et al., 1989 [43] 263 

and are listed in Table S1. The plasmid sequences were assembled using the Geneious software 264 

package. The complete sequence of this plasmid has been uploaded to GenBank under acc 265 

MW115421, and can be found in the supplementary material, file S2.  266 

 267 

2.9 Statistical analyses 268 

Statistical differences for biofilm growth of PP and PE were assessed using Kruskal-Wallis test 269 

followed by Dunn’s post hoc test using the software SYSTAT v. 13.2. 270 

  271 
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3. Results and Discussion 272 

3.1 Plastic litter is associated with diverse bacterial species, including human pathogens. 273 

Plastic samples were collected from four rural and peri-urban areas on the island of Unguja, 274 

Zanzibar, selected based on recent focal points of cholera outbreaks [34] and regions with poor 275 

sanitary facilities. The plastic polymer types were determined by FT-IR analysis and revealed that 276 

the samples encompass eight distinct types of polymers (Table 1) representing some of the most 277 

common types of plastic polymers used in consumer products [44]. Adhered bacteria were released 278 

by vortexing samples in 10mL sterile saline and dilutions were plated on LB agar plates with and 279 

without antibiotics. All samples exhibited colonization between 1x105 CFU/mL to 1x106 CFUs/mL 280 

after overnight aerobic growth on LB agar plates (Table 1). We isolated several species of MDR 281 

enteric pathogens including Klebsiella pneumoniae (KP), Enterobacter cloacae complex (ECC), 282 

Citrobacter freundii (CF), C. freundii complex (CFC), and Vibrio cholerae from plastic samples 283 

collected from the MP, MK, and DB sites (Table 1). Taken together, our results indicate widespread 284 

colonization by enteric pathogens on plastic litter scattered in peri-urban areas on Unguja. Even 285 

though pathogenic bacteria grows on all surfaces such as wood and stones [20,45,46] plastic litter 286 

can serve as a distinct vector for human exposure due to specific human contact. Locals collect 287 

plastic litter, and our experience with such clean-up activities is that the potential risk of plastic 288 

transmitting pathogen is seldom in focus. This was confirmed when talking to locals are the 289 

sampling sites. Plastic bottles are furthermore collected and reused for many purposes of which 290 

some can cause risk, such as filling of old bottles with sugar cane juice without proper cleaning 291 

first. In this study we, to our knowledge for the first time, highlight this important new risk 292 

associated with plastic litter. Even though these observations on handling and awareness are based 293 

on years of experience it is anecdotal evidence. Further studies should be conducted to quantify the 294 
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awareness of the risk associated with pathogens on plastic litter as well as procedures taken to 295 

minimize such risk.     296 

 297 

3.2 Vibrio cholerae colonizes plastic litter 298 

There are more than 200 known serotypes of V. cholerae, but only two serotypes (O1 and O139), 299 

encoding the cholera toxin (CtxAB), have been widely associated with epidemics. According to 300 

WHO cholera epidemics affect between 1.3 to 4 million people each year resulting in up to 143,000 301 

deaths. Non-O1/non-O139 clones can cause cholera like infections and are responsible for 302 

approximately 1.5% of local outbreaks [47], but have not been associated with cholera epidemics 303 

[48,49]. As cholera diagnostics are focused on the O1/O139 serovars, there is a potential for 304 

underreporting of cholera cases due to these other serotypes. In this study, we specifically wondered 305 

whether plastic pollution in rural and urban areas has played a role in recent local cholera outbreaks. 306 

To our surprise we only found V. cholerae on a single PET sample, but this might be because 307 

samples were collected during a season (September 2018) where cholera incidences typically are 308 

relatively low and no outbreaks had been reported immediately prior to our sampling (last reported 309 

case was in July 2017). Furthermore, V. cholerae are known to frequently enter a non-culturable 310 

dormant state in the environment, thus, complicating its isolation [31].  311 

 312 

To further investigate the clone-type and potential antimicrobial resistance profile, the V. cholerae 313 

isolate (VC_20c) was short-read sequenced. This revealed that the isolate is not of serotype O1 or 314 

O139, the predominant epidemic clones. Likewise, the isolate did not harbor the genes encoding the 315 

cholera toxin (ctxA and ctxB) and genes encoding the colonization factor Toxin Co-regulated Pilus 316 

(tcp locus), that are hallmarks of human epidemic cholera strains. However, the isolate did harbor 317 
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other virulence genes including the rtxA gene encoding multifunctional autoprocessing RTX toxin 318 

and the hlyA gene (encoding hemolysin). Furthermore, the isolate had multiple antimicrobial 319 

resistance genes (Table 2). Specifically, it was found to contain the aminoglycoside resistance gene 320 

(aadA2), one sulphonamide resistance gene (sul1) and two trimethoprim resistance genes (dfrA15 321 

and dfrA16). Together with the reported increase in the prevalence of circulating MDR V. cholerae 322 

clones [50], these findings are alarming. In conclusion, although the V. cholerae VC-20c isolate is 323 

not predicted to be a human epidemic V. cholerae clone, the isolate confirms that pathogenic V. 324 

cholerae can colonize plastic litter surfaces. Furthermore, the presence of several virulence genes 325 

and multiple resistance genes points to that the isolate has been associated with human infection and 326 

that the isolate may be a source for transmission of antimicrobial resistance to epidemic V. cholerae 327 

clones or to other species.  328 

 329 

3.3 Isolation of multi drug resistant (MDR) Klebsiella pneumoniae  330 

K. pneumoniae is a major human pathogen, causing a variety of infections including urinary tract 331 

infections, bacteremia, and pneumonia. It can survive in the human gastrointestinal tract and can 332 

thus be transmitted through fecal contamination in areas with limited sanitary facilities. Emergence 333 

of MDR clones has greatly complicated treatments options with increased mortalities worldwide 334 

[51]. In this study, we isolated distinct MDR K. pneumoniae clones from two samples collected 335 

from two distinct sites (Mtopepo and Mwanakwerekwe) (Table 2). Short-read sequencing of the K. 336 

pneumoniae KP-8b clone isolated from a PS (styrofoam) sample from site Mwanakwerekwe 337 

revealed that this isolate contained resistance genes conferring resistance against β-lactamases and 338 

flouroquinolones (Table 2). In contrast, the K. pneumoniae KP_3b isolated from a PET (yoghurt 339 

cup) sample from site Mtopepo (site 1) contains sixteen distinct resistance genes. These include 340 

four distinct bla-genes conferring resistance against several extended spectrum β-lactamases, four 341 
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genes conferring resistance against aminoglycosides, one of which (aac(6´)-Ib-cr) has a dual 342 

resistance mechanism that also confers quinolones/fluoroquinolones resistance [52]. Three 343 

additional quinolone resistance genes were also identified. Resistance against fosfomycin, 344 

chloramphenicol, sulphonamides, tetracycline and trimethoprim was also predicted for isolate K. 345 

pneumoniae KP_3b, totaling resistance against eight different classes of antimicrobials and at least 346 

sixteen distinct resistance genes, illustrating that infection caused by the plastic associated K. 347 

pneumoniae could have severe human health implication due to MDR. Minimal inhibitory 348 

Concentrations (MICs) were determined for representative drugs confirming a high level of 349 

resistance towards all tested compounds (Table 2). Based on assembly analysis of the short-reads 350 

using the Genious platform followed by blasting of flanking regions, we determined the genetic 351 

organization of the resistance genes (Figure 2). This revealed that up to three genes are located 352 

together in a cluster, often flanked by genes encoding mobility elements like transposases, 353 

integrases or similar (Figure 2). Relative copy-number of each gene was approximated by 354 

comparing short-reads coverage for each resistance gene to the average coverage for the 355 

chromosomally encoded house-keeping genes used for Multi Locus Sequence Typing (MLST) 356 

(Figure 2). Most genes appear to have copy-numbers between 0.98 and up to 1.81 relative to the 357 

MLST-genes indicating that some of these resistance clusters could be plasmid encoded, others 358 

appear to be are chromosomally encoded. In support of this, K. pneumoniae is often found to 359 

harbour multiple MDR-plasmids [53,54]. However, to assess whether the genes reported here are 360 

plasmid borne would require further analysis. In conclusion, we find several smaller clusters of 361 

MDR genes, of which some are associated with mobilization genes others are potentially plasmid 362 

borne. Taken together, these findings indicate that plastic litter may contribute to the spread of 363 

MDR pathogenic species.   364 

 365 
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3.4 Multiple plastic samples were colonized by MDR Citrobacter freundii species 366 

Citrobacter freundii is a Gram-negative intestinal commensal of both humans and animals and also 367 

frequently found in water and soil. In recent years, it has become increasingly associated with both 368 

community and nosocomial infections ranging from diarrheal and urinary tract infections to more 369 

severe bacteremia [55,56]. Furthermore, the emergence of MDR resistant clones is of concern [57]. 370 

Based on 16S-rRNA gene sequencing C. freundii (CF_1.4 and CF_20.1) and C. freundii complex 371 

clones (CFC_5.2, CFC_6.2, CFC_9.2, and CFC_10.1) were isolated from six different plastic 372 

samples of various polymer types collected from three different sites (Table 1). The isolated 373 

Citrobacter clones were subjected to short-read sequencing to investigate for the presence 374 

antimicrobial resistance genes (Table 2). This revealed that all Citrobacter isolates were distinct 375 

clones with distinct resistance gene profiles (Table 2). Additionally, MICs towards representative 376 

drug classes were determined for the isolates (Table 2). All Citrobacter isolates (CF_1.4, CF_20.1, 377 

CFC_5.2, CFC_6.2, CFC_9.2, and CFC_10.1) exhibited high resistance towards the β-lactam 378 

ampicillin in the range of 250 µg/ml up to >1000 µg/ml (Table 2). This was correlated with the 379 

presence of β-lactamase encoding genes (blaCMY or blaCMH) in the short reads sequences from all 380 

Citrobacter isolates, except for CFC_5.2, where no homolog of a bla gene was found (Table 2). All 381 

Citrobacter isolates exhibited resistance above the clinical break point against the fluoroquinolone 382 

ciprofloxacin with MIC levels between 1.25 µg/ml (CFC_1.4 and CFC_6.2;) and up to 10 µg/ml 383 

(CFC_20.1) (Table 2). Accordingly, potential fluoroquinolone resistance genes of the qnrB type 384 

were predicted to be present in Citrobacters CFC_5.2, CFC_6.2, and CF_20.1 (Table 2). The C. 385 

freundii isolate CF_20.1 remarkably encoded five resistance genes, of which five were predicted to 386 

encoded on the same MDR plasmid. Interestingly, the V. cholerae isolate VC_20c, described above, 387 

was isolated from the same plastic sample (sample 20, PET) as the Citrobacter CF_20.1 isolate. 388 

The co-occurrence of these species on the same plastic sample enables the possibility of genetic 389 
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exchange between distinct species co-existing in biofilm communities on plastic litter [58]. This 390 

implies that plastic litter might not just be a novel vector for transmission of pathogen to humans 391 

handling the waste, but furthermore might serve as a habitat for development and spreading of 392 

MDR. 393 

 394 

3.5 Characterization of MDR-plasmid isolated from CF_20.1.  395 

The C. freundii strain, CF_20.1, isolated from a PET sample at site four (Daraja Bovu) was revealed 396 

to be MDR, carrying up to seven distinct resistance genes (Table 2) of which five are located on the 397 

same plasmid, conferring resistance towards streptomycin (aph(6)-Id and aph(3’’)-Ib), 398 

sulfonamides (sul2), tetracycline (tetRA) and trimethoprim (dfrA14). Based on sequence coverage 399 

relative to chromosomal loci, the plasmid is predicted to be present in approximately five copies 400 

relative to the chromosome. No known origins or mobility genes were identified using 401 

PlasmidFinder. To further characterize the plasmid, it was extracted and sequenced using specific 402 

primers and Sanger Capillary Sequencing. The sequence of the plasmid was determined to be 8969 403 

base-pairs long and can be found in supplementary file S1 and GenBank Acc MW115421. Three of 404 

the resistance genes (sul2, aph(3")-Ib and dfrA14) are organized in an operon (Figure 3). The tetA 405 

and tetR are divergently encoded as is commonly seen (Figure 3). Overall, the nucleotide sequence 406 

of the MDR-plasmid has high sequence identity (>98%) to a plasmid from an E. coli strain C2 407 

(Acc: CP010118), isolated in China, and two plasmids isolated from Shigella sonnei strains (Acc: 408 

CP035011; CP037998) isolated in Italy and India, respectively. However, the genetic organization 409 

differs slightly between the plasmids and the Citrobacter CF_20.1 plasmid harbors the dfrA14 gene, 410 

which is not present in the E. coli and Shigella plasmids. An alignment between the MDR-plasmid 411 

from CF_20.1 and each of these homologous plasmids can be found in supplemental file S5. We 412 

attempted to move the plasmid to E. coli K12 using standard conjugation protocols [59], but did not 413 
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succeed.  Nonetheless, this result does not rule out the transferability of the plasmid, as it may 414 

require special conditions or recipients to be mobilized [59]. In conclusion, the MDR plasmid 415 

identified in Citrobacter CF_20.1 could be a potential novel source for spread of clinically relevant 416 

antibiotic resistance to other human pathogens associated with the plastic litter. The Citrobacter 417 

CF_20.1 was associated with a clear PET sample, most likely originating from a plastic bottle. 418 

Since many bottles are collected and reused, these findings illustrate the potential for plastic to 419 

serve as a novel vector for disease or MDR transmission. Even if the bottles are washed prior to re-420 

use, collection of plastic bottles will involve exposure to adhered bacterial pathogens. 421 

 422 

3.6 Citrobacter isolates exhibit distinct biofilm capacities on PP and PS plastic polymers 423 

Given the high occurrence of Citrobacter isolates on the collected samples, we assessed some of the 424 

isolates for their ability to develop biofilms on two distinct polymers; PS and PP representing seven 425 

of the twenty collected samples and two of the eight polymer types collected. Furthermore, out of 426 

the different types of consumer plastics, PP and PS are more likely to influence bacterial adhesion 427 

given their surface physicochemical properties that make them hydrophobic when dry and charged 428 

when wet [60]. For comparison, the K. pneumoniae KP_3b strain was also included. Bacterial 429 

isolates were inoculated in 96 well plates of either PS or PP and incubated for 48 hours to allow 430 

biofilm development. Biofilms were quantified using a crystal violet staining protocol (Figure 4).  431 

All isolates exhibit robust biofilm formation on the two tested polymer types. Specifically, six of 432 

the seven Citrobacter CF/CFC isolates exhibit increased biofilm formation on PP polymers, 433 

indicating a preference for this type of polymer for the biofilm formation of the CF/CFC isolates, 434 

with biofilm formation of the C. freundii isolate CF_20.1 being significant lower than the rest 435 

(p<0.05). Biofilm formation on PS were generally lower than on PP except for the K. pneumoniae 436 
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KP_3b strain which had the highest biofilm formation of all, significantly higher than the other 437 

strains (p<0.05). 438 

Of the most common types of consumer plastics, PE, PP, and PS are more likely to influence 439 

bacterial adhesion given the physicochemical properties of their surfaces that make them 440 

hydrophobic when dry and ionically charged when wet [60]. In this study, we do not see a clear 441 

correlation between isolated pathogenic bacterial species and the polymer type from which they 442 

were isolated. However, the number of collected samples is low, and the diversity of polymer type 443 

is high, thus it remains a possibility that some polymer type favor bacterial colonization. Still, in our 444 

biofilm assay, we can conclude that the Citrobacter CF/CFC isolates produce more biofilm on PP 445 

plastic compared to PS, and that the K. pneumoniae KP_3b had higher biofilm formation on PS. 446 

This could indicate that different plastic types support distinct levels of biofilm formation and that 447 

this might be both polymer and bacterial species specific. Further studies are needed to verify to 448 

what extent the plastic type governs biofilm formation of different species. 449 

 450 

3.7 Conclusions and perspectives 451 

In the present study, we have examined the prevalence of bacterial pathogens associated with 452 

plastic litter in rural areas of Unguja, Zanzibar. We isolated several pathogenic and MDR bacterial 453 

species underscoring the severe and overlooked health risk associated with the accumulation of 454 

plastic litter in regions with poor waste management infrastructure. In future studies, it would be 455 

important to investigate possible correlations between microbial species co-existing on plastic litter 456 

and the prevalence of antimicrobial resistance genes using a metagenomics sequencing approach. 457 

Furthermore, microscopic analysis of microbial communities could reveal spatial structures and 458 

direct species interactions [61].  459 
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Taken together, although presence of pathogenic species on plastic does not equal transfer to 460 

humans, our results underscore the need for a thorough investigation into the role of plastic 461 

associated bacteria in outbreaks of infectious disease.  However, collecting the plastic litter either 462 

for recycling or clean-up purposes may expose people to adherent pathogens that can be further 463 

transferred to the community and foods/drinks. Accordingly, due to the formation of robust 464 

biofilms, the handling of collected plastic litter is central for minimizing the risk requiring thorough 465 

hand washing after collection of plastic-litter and intensive washing of the plastic-litter, if it is re-466 

cycled. Of particular concern is the isolation of an extremely MDR K. pneumoniae isolate from one 467 

sample harboring sixteen different resistance genes, as well as the co-colonization of MDR V. 468 

cholerae and MDR C. freundii on sample 20.  469 

Furthermore, although abiotic surfaces like oceanic plastic debris has been reported to support 470 

Vibrio spp. biofilm formation [20], V. cholerae has not previously been associated with 471 

environmental survival on plastic litter. Thus, plastic litter potentially represents an emerging and 472 

overlooked vector for cholera epidemics. The possibility that plastic pollution enables and 473 

concentrates human pathogens and perhaps persistent plagues like cholera epidemics in low-income 474 

settings is daunting and deserves comprehensive scrutiny.  Practices, such as re-using uncleaned or 475 

mildly cleaned plastic litter (bottles) to hold drinks, should be reduced as much as possible.   476 

Further studies are required to investigate the level of transmission of adhered bacterial pathogens 477 

associated with plastic cleanup activities and collection of plastic-litter in areas with limited sanitary 478 

facilities. Sampling of surrounding waters should also be included to specifically assess the risk 479 

associated with plastic handling. Furthermore, epidemiological studies investigating risk factors for 480 

cholera in outbreak settings should also include questions regarding recent exposure to plastic litter.    481 

 482 
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