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Preface 
For cholera, one of the world’s oldest life-threatening human diseases, there is a global estimate of 1.4 

to 4.3 million cases with about 21,000–143,000 deaths per year and huge economic consequences on 

affected countries. Its etiologic agent, Vibrio cholerae, is subsequently one of the well-described human 

pathogens in scientific research. Nevertheless, there is much to be investigated regarding transmission 

and evolution of cholera and the world is still unable to precisely predict the occurrence of cholera 

outbreaks to proactively propose preventive measures. By analogy, the interplay between person-to-

person and environmental transmission still needs to be clarified, especially in the context of the 

evolutionary response of V. cholerae to environmental and host-driven selective pressures. Like many 

other countries in sub-Saharan Africa, Tanzania has consistently been affected by cholera and constitutes 

one of the seven African countries reporting the highest number of cholera cases in the past decade, 

therefore, calling for meticulous country-level characterization of cholera and V. cholerae. In this context, 

the studies described in this Thesis became part of a research project titled “Innovations and Markets for 

Lake Victoria Fisheries” (IMLAF). The IMLAF project was a DANIDA (Danish Development 

Assistance) funded project, carried out in the Lake Victoria basin of Tanzania. Its main objective was to 

catalyze socio-economic growth through expansion of markets for quality fish products and increased 

employment opportunities in the fisheries industry. The work package of the project that focused on 

characterization of microbial hazards in fish products encompassed pathogens such as Salmonella, E. 

coli and V. cholerae, with the latter thoroughly described in the present Thesis. This Thesis is structured 

around four manuscripts, each one representing one of the four specific objectives, all summarized in 

one general discussion. It ends with recommendations for policy to guide cholera control and future 

research needs.  
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Summary   

With the currently available scientific knowledge and tools to guide prevention and treatment, 

every death due to cholera can be avoided. Cholera, however, continues to take a heavy toll in developing 

countries especially in Sub-Saharan Africa, where it has become recurrent for the past forty years favored 

by poverty, poor hygiene and the vulnerability of populations living around lakes and those affected by 

conflicts or natural disasters. To eliminate cholera from 20 of the 48 endemic countries in the world, the 

World Health Organization (WHO) has established a global roadmap to 2030 stipulating a rigorous focus 

on surveillance and source tracking of cholera outbreaks at country level.  

Tanzania has been reporting cholera almost every year since 1974 and is one of the endemic 

countries on the list of the WHO. This Thesis intends to contribute to the pool of knowledge that will 

enable Tanzania to get rid of the cholera epidemics by 2030. The study was carried out using cholera 

surveillance data, clinical V. cholerae isolates from cholera patients and toxigenic V. cholerae recovered 

from fish (Rastrineobola argentea), phytoplankton and water from Lake Victoria in both dry and rainy 

seasons. The study also involved aquaria experiments determining if tilapia (Orechromis nilioticus) is a 

reservoir host and plays a role in the transmission of V. cholerae. We applied genomic and 

epidemiological tools as well as microbial ecology approaches regarding the key element of the global 

roadmap, which is to investigate how cholera emerges, evolves and reemerges in the Tanzanian context 

and how V. cholerae strains persist during and between outbreaks.  

Overall, spatial analyses revealed that cholera hotspots in Tanzania include populations living 

near lakes and central regions, being areas where interventions should be prioritized for long-term cholera 

control. Moreover, we demonstrated that the endemicity of cholera in Tanzania is due to the existent 

rampant outbreak foci in the Eastern African region as a result of cross-border transmission of toxigenic 

V. cholerae O1 of three different sub-lineages of genotypes ctxB3 (T5), ctxB1 (T10), and ctxB7 (T13) 
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emanating from the same 7PET lineage. Toxigenic V. cholerae O1 recovered from Lake Victoria were 

phylogenetically related to pandemic strains causing outbreaks in Tanzania and other East-African 

countries with as low as three SNPs and identical accessory genome contents were observed between 

strains from the two niches. We further report the existence of environmental reservoirs such as fish and 

phytoplankton favoring survival and transmission of pandemic V. cholerae O1 in Lake Victoria, which 

offers optimum temperature and alkaline pH that enhance persistence and resurgence of the pathogen 

throughout the year. Antimicrobial resistance was surprisingly limited in the studied strains, especially 

among the T13 sub-lineages causing recent epidemics. These were mostly susceptible, with 10-kb 

nucleotide deletions on the SXT/ICE that normally encodes resistance to many antibiotics, including 

sulfamethoxazole and trimethoprim. The environmental strains, however, harbored genes for resistance 

to heavy metals, a phenotype that could support their growth and survival in aquatic environments. The 

V. cholerae O1 strains also harbor autoinducers (AI-2 LuxP and LuxQ) involved in quorum sensing and 

biofilm formation for their environmental fitness until resurgence.  

If Tanzania is to become free of cholera by 2030, following suggested actions in the global 

roadmap for cholera control, there is a lot to be done politically based on the scientific insights provided 

in this Thesis. Authorities need to mobilize more resources and demonstrate more political determination 

towards implementation of hygiene and sanitation programs, prioritizing high-risk areas including the 

lake zones. There is also a need for more investment in accurate and holistic reporting of cholera in order 

to provide reliable data for action. Most importantly, the genetic fingerprints of strains causing outbreaks 

in Tanzania and its neighboring countries reveal unequivocally a cross-border transmission of similar 

clones. This finding calls for coordinated collaborative control measures, such as early vaccinations in 

the entire African Great Lakes Region, when a neighboring country declares an outbreak. Furthermore, 

the presence of environmental reservoirs (like fish and phytoplankton) for V. cholerae favoring 
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resurgence of the pathogen between outbreaks in Tanzania should be considered when designing control 

strategies in the region. This is important because, despite the cross-border evidence of human-mediated 

transmission of V. cholerae, the inability of the pathogen to survive long-term in acid conditions inside 

the human gut, and especially the high infectious dose required for disease, continuous transmission by 

humans alone is likely impossible and therefore very dependent on environmental reservoirs that refeed 

the cycle.  
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Sammendrag (Danish Summary) 

Vi har i dag tilstrækkelig videnskabelig baseret viden og redskaber til effektivt at forebygge og 

behandle kolera; mennesker bør således ikke dø af kolera. Trods dette så fortsætter kolera med at ramme 

de fattigste lande hårdt, især lande syd for Sahara, som løbende har været ramt af kolera gennem de sidste 

40 år. Dette skyldes især fattigdom, dårlige sanitære forhold og modtagelige befolkninger, som lever 

omkring store søer eller er påvirket af konflikter og naturkatastrofer. Verdenssundhedsorganisationen, 

WHO, har lavet en global plan frem mod år 2030 til elimination af kolera i 20 af i alt 48 lande, hvor 

kolera optræder endemisk. Overvågning og smitteeftersporing af koleraudbrud på landeniveau udgør et 

hovedelement i denne plan.  

Tanzania har rapporteret kolera næsten hvert år siden 1974 og kolera er endemisk i landet ifølge 

WHO´s landeliste. Denne ph.d. afhandling tilstræber at bidrage med viden, som skal gøre Tanzania i 

stand til at forhindre, at landet ikke længere bliver ramt af koleraepidemier efter år 2030. I 

undersøgelserne, der er beskrevet i afhandlingen, er der anvendt kolera overvågningsdata, kliniske V. 

cholerae isolater fra kolerapatienter og toksigene V. cholerae isolater indsamlet fra fisk (Rastrineobola 

argentea), fytoplankton og vand i Victoria søen i regnvejrs- og tørre perioder af året. Der blev også 

foretaget akvarieeksperimenter for at fastlægge om fisken tilapia (Orechromis nilioticus) kunne være en 

reservoirvært og spille en rolle i overførslen af V. cholerae. Der blev anvendt molekylærgenomiske og 

epidemiologiske værktøjer, samt mikrobiel økologiske undersøgelser, til at belyse hovedelementer i 

WHO´s koleraplan, som fokuserer på at forstå, hvordan kolera og kolerabakterien opstår, udvikler sig og 

genopstår med reference til tanzanianske forhold, samt en generering af viden om, hvordan V. cholerae 

bakterier persisterer under og mellem koleraudbrud.  

De spatiale analyser viste, at hotspots for kolera i Tanzania inkluderer befolkningsgrupper, som 

lever nær søer og i de centrale områder af landet; områder som fremadrettet bør prioriteres i mere 
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langsigtede tiltag til kontrol af kolera. Vi påviste også, at den endemiske kolerasituation i Tanzania især 

skyldtes introduktion af sygdommen fra områder med koleraudbrud i flere øst-Afrikanske naboområder. 

På tværs af landegrænser forekommer der således en transmission af toksigene V. cholerae O1, som 

tilhører en af de tre forskellige undergrupperinger af genotyperne ctxB3 (T5), ctxB1(T10), og ctxB7 

(T13), som oprinder fra den samme 7PET linje af stammer. Toksigene V. cholerae O1 indsamlet fra 

Victoria søen var fylogenetisk meget tæt relateret til pandemiske bakteriestammer, som har forårsaget 

koleraudbrud i Tanzania og andre øst-afrikanske lande, idet der kun blev fundet tre SNPs (”single 

nucleotide polymorphisms”) og identiske tilhørende indhold af genomer mellem isolater fra de to 

undergrupperinger af genotyper. Vi påviste også eksistensen af et miljøreservoir i fisk og fytoplankton, 

som fremmer overlevelse og overførsel af pandemisk V. cholerae O1 i Victoria søen; et akvatisk system, 

som repræsenterer en optimal temperatur og et alkalisk pH, som øger persistens af V. cholerae O1 i 

gennem hele året. Forekomsten af antimikrobiel resistens var forbavsende begrænset i kolerabakterierne, 

især i de bakterier, som tilhører T13 undergrupperingen, som har forårsaget koleraepidemier fornyelig. 

Disse kolerabakterier, som er følsomme overfor antimikrobielle stoffer mangler et 10-kb stort nukleotid 

på SXT/ICE genet, som koder for resistens overfor mange antimikrobielle stoffer inklusiv 

sulfamethoxazol og trimethoprim. V. cholerae O1 fra miljøet indeholdt gener, som koder for resistens 

overfor tungmetaller, en fænotypisk egenskab som kan være gavnlig for vækst og overlevelse i akvatiske 

miljøer. V. cholerae O1 bakteriestammerne indeholdt også gener kodende for auto inducere (AI-2 LuxP 

and LuxQ), som er involveret i quorum sensing og dannelse af biofilm og derved øger stammernes fitness 

i miljøet indtil det tidspunkt bakteriecellerne skal vokse.  

Hvis Tanzania i år 2030 skal være fri for kolera, som foreslået i den globale handlingsplan for kolera, så 

skal der gøres et stort stykke arbejde politisk med udgangspunkt i den viden, som er generet i denne 

ph.d.-undersøgelsen. Det er nødvendigt, at myndighederne mobiliserer flere ressourcer og demonstrerer 
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politisk vilje til at fremme implementeringen af vand- og sanitetsprogrammer med prioritet af høj-risiko 

områder, eksempelvis områderne omkring de store afrikanske søer. Det er også nødvendigt at øge 

investeringerne i mere præcise og holistiske rapporteringer af kolera, så der kan genereres pålidelige data 

at agere på. Det er vigtigt at understrege, at de genetiske fingeraftryk af kolerabakterierne, som forårsager 

udbrud i Tanzania og dets nabolande enstemmigt viser, at de samme kloner af kolerabakterier spredes på 

tværs af landegrænser, hvilket understreger nødvendigheden af en koordineret kontrolindsats mellem 

lande i hele området omkring de store afrikanske søer. Desuden bør tilstedeværelsen af miljøreservoirer 

(som fisk og planteplankton) for V. cholerae, der favoriserer genopblussen af patogene mellem udbrud i 

Tanzania, tages i betragtning, når man udformer kontrolstrategier i regionen. Humanmedieret 

transmission af V. cholerae mellem lande er dokumenteret, men patogenes manglende evne til langvarig 

overlevelse under syrebetingelser i menneskets mave og især den høje infektiøse dosis, der kræves for at 

forårsage sygdom gør, at en kontinuerlige transmission i og mellem mennesker alene ikke er muligt. V. 

cholerae O1 overlevelse og transmission er således afhængig af et miljøreservoir. 

 

 

 

 

 

 

 

 

 



 
 

13 
 

List of abbreviations  
 

WHO:  World Health Organization  

AGLR: African Great Lakes Region  

DRC:  Democratic Republic of Congo 

7PET:  Seventh Pandemic El Tor (Vibrio cholerae O1) 

WGS:   Whole Genome Sequencing 

PFGE:  Pulsed-Field Gel Electrophoresis 

RAPD:  Random Amplification of Polymorphic DNA 

AFLP:  Amplified Fragment Length Polymorphism 

MLST:  Multi-Locus Sequence Typing 

VNTRs: Variable Number of Tandem Repeats 

MLVA: Multi-Locus Variable Tandem Repeat 

MVLST: Multi-Virulence Locus Sequencing Typing 

PCR:   Polymerase Chain Reaction  

SNP:  Single Nucleotide Polymorphism 

AMR:  Antimicrobial Resistance  



 
 

14 
 

Articles included in the Thesis  

Manuscript A: “Cholera hotspots and surveillance constraints contributing to recurrent epidemics in 

Tanzania”. Yaovi M.G. Hounmanou, Kåre Mølbak, Jonas Kähler, Robinson H. Mdegela, John E. Olsen, 

Anders Dalsgaard (2019). Article published as “short communication” in BMC Research Notes 12, 664 

doi:10.1186/s13104-019-4731-0.  

Manuscript B: “Surveillance and genomics of toxigenic Vibrio cholerae O1 from fish, phytoplankton 

and water in Lake Victoria, Tanzania”. Hounmanou YMG, Leekitcharoenphon P, Hendriksen RS, 

Dougnon TV, Mdegela RH, Olsen JE and Dalsgaard A (2019). Article published in Frontiers in 

Microbiology 10:901; doi: 10.3389/fmicb.2019.00901.  

Manuscript C: “Genomic insights into Vibrio cholerae O1 responsible for cholera epidemics in 

Tanzania between 1993 and 2017”. Yaovi Mahuton Gildas Hounmanou, Pimlapas Leekitcharoenphon, 

Egle Kudirkiene, Robinson H. Mdegela, Rene S. Hendriksen, John Elmerdahl Olsen and Anders 

Dalsgaard (2019). Article published in PLoS Neglected Tropical Diseases 13(12): e0007934 

doi.org/10.1371/journal.pntd.0007934. 

Manuscript D: “Tilapia (Oreochromis niloticus) as a putative reservoir host for survival and 

transmission of Vibrio cholerae O1 biotype El Tor in the aquatic environment”. Hounmanou YMG, 

Mdegela RH, Dougnon TV, Madsen H, Withey JH, Olsen JE and Dalsgaard A (2019). Article published 

in Frontiers in Microbiology 10:1215; doi: 10.3389/fmicb.2019.01215 

 

 

 

 

 



 
 

15 
 

Articles published during the PhD, which are not part of the Thesis  

a) Tilapia lake virus threatens tilapiines farming and food security: Socio-economic challenges and 

preventive measures in Sub-Saharan Africa. Hounmanou, YMG, Mdegela, RH, Dougnon, TV, 

Achoh, ME, Mhongole, OJ, Agadjihouèdé, H, Gangbè, L & Dalsgaard, A (2018). Aquaculture, 

493, s. 123-129. https://doi.org/10.1016/j.aquaculture.2018.05.001 

b) The impact of inactivation of the purine biosynthesis genes, purN and purT, on growth and 

virulence in uropathogenic E. coli.  Andersen-Civil, Audrey Inge Schytz; Ahmed, Shahana; 

Guerra, Priscila Regina; Andersen, Thomas Emil; Hounmanou, Yaovi Mahuton Gildas; Olsen, 

John Elmerdahl; Herrero-Fresno, Ana. Molecular Biology Reports, 45, Nr. 6, 2018, s. 2707-

2716. https://doi.org/10.1007/s11033-018-4441-z  

c) Molecular typing and antimicrobial susceptibility of Methicillin-Resistant Staphylococcus aureus 

isolated from bovine milk in Tanzania. Mohammed, Jibril; Ziwa, Michael Henry; Hounmanou, 

Yaovi Mahuton Gildas; Kisanga, Adela; Tuntufye, Huruma Nelwike. International Journal of 

Microbiology, 2018, 4287431, 2018.  https://doi.org/10.1155/2018/4287431 

d) Antimicrobial resistance among clinically relevant bacterial isolates in Accra: a retrospective 

study. Mohammed, Jibril; Hounmanou, Yaovi Mahuton Gildas; Thomsen, Line Elnif. BMC 

Research Notes, 11, Nr. 1, 254, 2018. https://doi.org/10.1186/s13104-018-3377-7 

 

 

 

 

 

 

 

https://doi.org/10.1016/j.aquaculture.2018.05.001
https://doi.org/10.1007/s11033-018-4441-z
https://doi.org/10.1155/2018/4287431
https://doi.org/10.1186/s13104-018-3377-7


 
 

16 
 

Chapter 1. Introduction  

1.1. Global dynamics of cholera in an African context  

Cholera is an acute life-threatening diarrheal disease and remains a major health threat, particularly 

in developing countries of Africa, Asia, and Latin America, claiming about 4.3 million reported cases 

and 142,000 deaths worldwide every year (Ali et al., 2015; Griffith et al., 2006; Weil and Ryan, 2018). 

In the past 40 years, the burden of cholera has shifted from Asia to Africa (Fig. 1), which is currently the 

source of over 94% of reported global cases (Ali et al., 2015; Mengel et al., 2014; Reyburn et al., 2011). 

Sub-Saharan Africa bears, to date, the major impact of the global cholera burden (Lessler et al., 2018; 

Rebaudet et al., 2013; Weil and Ryan, 2018).  
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Figure 1. Annual cholera incidences. (A) Global annual number of cholera cases in endemic countries; 

(B) Average annual cholera incidence per 100,000 people in Sub-Saharan Africa between 2010 and 2016. 

Data adopted from previous studies (Ali et al., 2015; Lessler et al., 2018).  

An estimated 2.8 million cholera cases occur each year in endemic countries, and the average global 

annual incidence rate is 2 cases per 1000 people at risk, with countries of highest incidence rates being 

in Africa and Southern Asia (Ali et al., 2015). In Sub-Saharan Africa, an annual average of 141,918 

cholera cases are reported from only 4% of districts, which is home to about 88 million people (Lessler 

et al., 2018). Since 1817, cholera has spread from the Indian sub-continent and seven pandemics have 

been observed (Siriphap et al., 2017). The seventh pandemic is still ongoing and genomic studies have 

shown that this pandemic has spread from the Bay of Bengal in at least three independent but overlapping 
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waves (I, II and III) from a common ancestor in the 1950s, with several transcontinental transmission 

events (Mutreja et al., 2011). The classification into waves is based on genetic characteristics of the V. 

cholerae outbreak strains and is described in manuscripts B and C for the studied Tanzanian strains.  

Figure 2, below, shows that outbreaks of wave I were more geographically dispersed globally but 

were replaced in the early 90s by wave II outbreaks, which seemed to be more geographically restricted 

to mostly Asia. Meanwhile, wave III outbreaks continue to occur and are reported in Asia, Africa and 

the Americas. In Africa, the seventh pandemic has been investigated and until 2015 researchers 

determined that the different epidemics could all be traced back to a single lineage, which has been 

introduced at least 11 times (T1 to T11) since the first epidemic in the 1970s (Weill et al., 2017). 

Additional analyses following the 2016-2017 Yemen outbreaks revealed two more transmission events, 

T12 and T13, involving strains currently circulating in East Africa (Weill et al., 2019). The “T” identity 

of the Tanzanian strains analyzed in this study is described in Manuscript C.    

 

Figure 2. Global spread of the seventh cholera pandemic into three waves. Adopted from a previous 

report (Mutreja et al., 2011). 
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1.2. History and burden of cholera in Tanzania  

More than 40 years after its resurgence in Africa in 1970, cholera remains a serious public health 

problem, characterized by large disease burden, frequent outbreaks, persistent endemicity, and high case 

fatality rates, particularly in the region of the African Great Lakes, which might act as reservoirs for 

cholera on the continent (Mengel et al., 2014; Rebaudet et al., 2013). After cholera emerged from the 

original reservoir in the Ganges delta of India in 1817, Tanzania was the first African country affected 

during the second pandemic in 1836 with V. cholerae O1 strains introduced through outbreaks on the 

Indian Ocean coast by ships transporting slaves, causing about 20,000 deaths in Zanzibar (Olago et al., 

2007).  

The contemporary ongoing seventh pandemic reached Tanzania in 1974 when cholera occurred in 

Kyela district on the shores of Lake Nyasa bordering Malawi (Mbwette, 1987). The outbreak lasted only 

one month and killed seven out of the ten notified cases. The next episode was reported in 1977 when a 

Tanzanian resident of Rufiji district in the coastal region died of cholera after hosting a merchant from 

Asia where outbreaks were occurring at the time (WHO, 2018b). Between October 1977 and April 1980, 

the outbreak spread to about 18 regions of the country including Kilimanjaro, Dar-es-Salaam, Dodoma, 

Kigoma, and Mwanza (Mbwette, 1987). It was during this outbreak that Zanzibar was affected by the 

seventh pandemic. The first cases were identified in 1978 around fishing villages on Unguja island and 

claimed 411 cases, including 51 deaths (WHO, 2018b). In 1983, further outbreaks were reported on both 

islands of Zanzibar (Pemba and Unguja) before the largest outbreaks of Zanzibar were recorded in 1997, 

1998 and 2004 with 520 to 650 cases per outbreak (WHO, 2018b). In 2006, Zanzibar experienced another 

large outbreak, which started in South Pemba in March, with the first case originating from Mkoani 

district. The outbreak spread a week later to Unguja island and by July 2006, a total of 315 cases including 

eight deaths were reported (WHO, 2018b). In Tanzania as a  whole, and over the decade following the 
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outbreak of 1977, seasonal relapses of cholera were reported across the country both in mainland and 

Zanzibar until the first major outbreak occurred in 1992 when 18,526 cases including 2,173 deaths were 

recorded countrywide (WHO, 2018b).  

The second major countrywide cholera outbreak occurred in 1997. The epidemic started at the end 

of January in Dar es Salaam and accounted for 40,249 cases and 2,231 deaths with seven regions affected. 

Between 2002 and 2006, most Tanzanian regions have reported cholera cases and nine of them, including 

Zanzibar, Dar es Salaam and Dodoma reported more than 2000 cases each during this five years period 

(WHO, 2018b). In 2006, Tanzania reported up to 14,297 cholera cases with 254 deaths (WHO, 2018b).  

Since the seventh cholera pandemic reached the country in 1974, Tanzania reports outbreaks almost 

every year with over 250,000 cases and 13,078 deaths reported up until 2018 (Lessler et al., 2018; WHO, 

2018a). Cholera has become rampant in Tanzania and its islands where very frequent cases with high 

case fatality rates occur every year. An analysis of 11 years (2007-2017) of cholera data from mainland 

Tanzania in Manuscript A reveals 39,444 cholera cases with 600 deaths, giving a case fatality rate of 

1.5% and an average annual incidence rate of 8.39 per 100,000 population with a strong correlation 

between living near lakes and the increase in cholera incidence (Fig. 3). In Zanzibar, from 1997 and 2017, 

approximately 11,921 cholera cases were reported, representing an average annual incidence rate of 4.4 

per 10 000 (Bi et al., 2018).  

The historical dynamics of cholera outbreaks show a significant impact of imported cases mainly 

from Asia and other African countries due to political unrest and population displacements like the 2015 

outbreak that occurred in Kigoma and Kagunga refugee camps in Tanzania among Burundian refugees 

and accounted for 3,000 cases including 31 deaths (Kachwamba et al., 2017; WHO, 2018a, 2018b). There 

is also a notable endemicity around the lake zones and Zanzibar as well as city slums like in Dar es 
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Salaam and central regions due to anthropogenic activities (Manuscript A). Also, seasonal outbreaks 

have often been seen during the seventh cholera pandemic in Tanzania (Bi et al., 2018; Reyburn et al., 

2011).  

It is however perceived that the number of cholera cases in Africa in general and in Tanzania in 

particular could possibly be much higher than what is reported to the WHO (Azman et al., 2019). Reasons 

include underreporting and inadequate surveillance systems as described in Manuscript A, and the lack 

of healthcare facilities in remote areas, which underlines a number of home-based cases that feed the 

epidemic cycle significantly (Griffith et al., 2006; Mengel et al., 2014). In addition, many countries are 

reluctant to conduct cholera surveillance or to officially report cholera cases or deaths since embargos 

from trading partners and tourism losses usually follow the confirmation of cholera outbreaks (Azman et 

al., 2019). This is because international organizations put restrictions on produce and other imports from 

countries reporting cholera, which significantly harm their economy through exports, private 

consumption, consumer prices, employment, and the overall GDP (Lonappan et al., 2019). Such stigma 

and associated fear of loss of economic opportunities lead to a lack of adequate disease reporting and 

constitute some of the challenges hampering effective cholera control programs.  
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Figure 3. Spatial distribution the average number of cholera incidences per 10,000 people over a 

period of 11 years (2007-2017) in mainland Tanzania. Figure produced in QGIS using data described in 

Manuscript A.  

1.3. Molecular biology of Vibrio cholerae with emphasis on V. cholerae O1  

Vibrio cholerae, the ethiological agents of cholera, are Gram-negative comma shaped Gamma-

proteobacteria of the Family Vibrionaceae and described as autochthonous of aquatic environments 

(Islam et al., 2019). They are classified into over 200 serogroups based on their O-antigen (Shimada et 

al., 1994). However, only the serogroups O1 and O139 are recognized to cause cholera and are involved 

in pandemic cholera (Colwell et al., 2003; Faruque et al., 1998). The O1 serogroup is categorized into 

three serotypes: Ogawa, Inaba and the Hikojima (a variant of the Ogawa serotype). This classification is 
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however outdated and rarely used in current literature (Shimada et al., 1994). While V. cholerae O139 

seemed to have been reported only in Asian epidemics (Chun et al., 2009; Faruque et al., 2003), the non-

O1/non-O139 strains are mostly nonpathogenic and commonly encountered in the aquatic environments 

during non-epidemic periods, although some have been associated with sporadic cholera-like infections 

(Dalsgaard et al., 2001; Fang et al., 2019; Haley et al., 2014). Regardless of their serogroup, the ability 

of V. cholerae to cause cholera depends upon the main virulence factor, the cholera toxin encoded by the 

ctxAB operon, which resides in the genome of a filamentous bacteriophage (CTX) specific to  toxigenic 

V. cholerae strains (Aliabad et al., 2012; Bakhshi et al., 2008; Sanchez and Holmgren, 2011).  

The CTX prophage of V. cholerae is a key element in the genetic makeup of toxigenic V. cholerae 

due to its role in virulence and diversity of the pathogen (Faruque et al., 1998; Rashid et al., 2016). The 

genome of the CTX prophage (Fig. 4) contains a 4.5 kb central core region composed of the ctxAB, zot, 

ace, orfU and cep genes, flanked by repetitive sequences of 2.4 kb (RS2) and 2.7kb (RS1) (Bakhshi et 

al., 2008). The A subunit of the cholera toxin gene (ctxA) is the enzymatic component of cholera toxin, 

having ADP-ribosylating activity, while the B subunit (ctxB) forms a pentamer that binds to GM1 

ganglioside receptors on the epithelial cell surface and delivers the A subunit into the cell. The B subunit 

is also used in genotyping of the bacteria (Li et al., 2019; Mutreja et al., 2011; Naha et al., 2012; Sanchez 

and Holmgren, 2011). The ctxB genotypes of V. cholerae strains that have caused various cholera 

outbreaks in Tanzania are described in Manuscript C.   
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Figure 4. Genomic organization of the CTX prophage in Vibrio cholerae. Data adopted from previous 

description on V. cholerae strain N16961 (Bakhshi et al., 2008).  

Compared to most bacteria that have a single chromosome, V. cholerae contain two chromosomes of 

approximately 4 Mb total (Fig. 5.) They consist of a large chromosome of about 3 Mb (chromosome 1) 

and a small chromosome of 1 Mb (chromosome 2) containing the core genes and genetic islands 

(Heidelberg et al., 2000; Mutreja and Dougan, 2019). These genetic islands or mobile genetic elements 

play pivotal epidemiological roles in cholera. The main ones are the Vibrio Seventh Pandemic Islands I 

and II (VSPI and VSPII), TCP, Vibrio Pathogenicity Islands (VPI-II) and the CTX prophage, implicated 

in pathogenesis and evolution of the bacteria (Chun et al., 2009; Dziejman et al., 2005; Faruque and 

Mekalanos, 2012). Variations in the mobile elements such as in the prophages, transposable elements, 

and potentially in plasmids, underline the diversity of the V. cholerae genome (Dutilh et al., 2014). In 

this Thesis, the genetic islands of V. cholerae from clinical and environmental origins have been 

characterized and described in Manuscripts B and C. Furthermore, one of the key mobile genetic 

elements in V. cholerae is the SXT, a self-transmissible integrating conjugative element that encodes 

antimicrobial resistance, including resistance to sulfamethoxazole and trimethoprim (Spagnoletti et al., 

2014; Wang et al., 2016). Antimicrobial resistance in V. cholerae due to the SXT/ICE is described in the 
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studied Tanzanian clinical and environmental strains in Manuscripts B and C along with plasmid-

mediated acquired resistance genes and resistance to quinolones due to chromosomal mutations.   

 

Figure 5. Representation of the two chromosomes of Vibrio cholerae. Data adopted from a previous 

study (Heidelberg et al., 2000). 

V. cholerae O1 is sub-divided into two biotypes, the Classical and the El Tor biotypes 

(Beyhan et al., 2006; Mohammadi barzelighi et al., 2016) based on differences in their phenotypic and 

genotypic characteristics, pathogenic potential, infection modes and human survival abilities (Brumfield 

et al., 2018; Li et al., 2019; Mohammadi barzelighi et al., 2016). After their first description in 1817, V. 
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cholerae have caused to date seven different pandemics worldwide and the Classical biotype of V. 

cholerae O1 is believed to be responsible for the first six (Devault et al., 2014; Echenberg, 2011). The 

seventh and ongoing pandemic started in 1961 and is attributed mainly to V. cholerae O1 biotype El Tor 

with the ctxB3 genotype (Mutreja et al., 2011; Naha et al., 2013; Safa et al., 2010). This biotype has 

however evolved, leading to the emergence of El Tor variants known as “atypical El Tor” or “hybrids”, 

through the acquisition of the ctxB genes from the classical biotype CTX prophage by the El Tor strains 

(Kim et al., 2015; Naha et al., 2012; Rashed et al., 2013). These atypical variants are the most common 

strains causing contemporary cholera outbreaks worldwide and are believed to produce more cholera 

toxin, resulting in a more severe disease than the prototype El Tor (Ghosh-Banerjee et al., 2010; Rashid 

et al., 2016). Two genotypes, ctxB1 and ctxB7, are found within the atypical El Tor variants (Table 1) 

and both are leading all contemporary outbreaks around the globe (Kim et al., 2014, 2015; Pal et al., 

2017). As summarized in Table 1, all V. cholerae reported to date have been classified into three waves, 

Wave I, II and III based on their genotypes with the wave III sub-divided into early and current wave III 

(Mutreja et al., 2011).  

 

 

 

 

 

 



 
 

27 
 

Table 1. Genetic diversity of pandemic V. cholerae populations. Data adopted from previous studies 

(Kim et al., 2015; Safa et al., 2010).  

V. cholerae strains Years of 

occurrence 

Pandemic ctxB genotype 

aVc-O1, Classical biotype 1817 – 1923 First six pandemics ctxB1 

Vc-O1, pre-seventh pandemic El Tor 1923 – 1961 Pandemic free period ctxB1, ctxB2 

Vc-O1, El Tor Wave I (El Tor) 1961 – 2000s Seventh pandemic ctxB3 

Vc-O139 90s – Present Seventh pandemic ctxB3, ctxB1 

Vc-O1, El Tor Wave II/early Wave III 

(atypical El Tor) 

90s – Present Seventh pandemic ctxB1 

Vc-O1, El Tor current Wave III 

(atypical El Tor/ Haitian variant) 

2000s – Present Seventh pandemic ctxB7 

a V. cholerae serogroup O1 

1.4. Environmental reservoirs of V. cholerae and associated ecological factors in the AGLR  

Vibrio cholerae are acknowledged as autochthonous organisms of the aquatic environments where 

they are reported to be associated with a variety of living organisms of the aquatic fauna and flora 

(Colwell et al., 1977; Vezzulli et al., 2010). The environmental reservoirs of V. cholerae are well-

established in marine and estuarine waters, but not much is known about freshwater reservoirs such as 

Lake Victoria and Lake Tanganyika, the main great lakes on the African continent (Bwire et al., 2018; 

Hounmanou et al., 2019a; Nkoko et al., 2011; Rebaudet et al., 2013). The AGLR represents the leading 

cholera hotspot in Africa, substantiating that the lakes may play an important role as reservoirs for V. 

cholerae, leading to the increase in cholera incidence in the region (Lessler et al., 2018; Moore et al., 

2015; Rebaudet et al., 2013). However, the role of the aquatic environment in the emergence of cholera 

also depends on ecological factors including temperature and pH, which are optimal for V. cholerae in 

tropical waters (Plisnier et al., 2015; Stoltzfus et al., 2014). It has been demonstrated that salinity levels 
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of about 15%, water temperatures between 25° C and 30° C, and alkaline pH around 8.5 are favorable 

for the growth and survival of V. cholerae in the aquatic environment (Huq et al., 1984). In Manuscript 

B, these parameters were measured and discussed for Lake Victoria in relation to occurrence of V. 

cholerae. The link between cholera, the aquatic environment and climate, known as the "cholera 

paradigm" is well-established in the AGLR because most epidemics occur in lakeside areas, where the 

weekly incidence of cholera varies by season, rainfall and phytoplankton blooms (Nkoko et al., 2011). 

Various hypotheses have been studied to understand the mechanism of persistence of V. cholerae 

during inter-epidemic periods, including continuous human transmissions and animals as reservoirs. The 

aquatic environmental reservoirs have been the most conclusive, due to the natural aquatic habitat of the 

pathogen (Islam et al., 2019). During inter-epidemic periods, V. cholerae live in the aquatic environment 

in association with cyanobacteria, phytoplankton, water hyacinths, free-living amoebae, copepods, blue 

crabs, and marine bivalves, as well as fish (Fig. 6) and disease outbreaks are triggered by seasonal 

changes in the environment (Hounmanou et al., 2019b; Islam et al., 2019; Vezzulli et al., 2010). 

Phytoplankton and zooplanktons are the main aquatic reservoirs of V. cholerae and have been the subject 

of many investigations. They release considerable amounts of organic carbon into the environment 

during photosynthesis, along with high nutrient concentrations, which favor the growth of V. cholerae in 

optimum temperatures and salinity (Islam et al., 2015; Tamplin et al., 1990). V. cholerae also feed on 

chitin, which is the most abundant polysaccharide and the principal component of the zooplankton 

exoskeleton that supports the growth of large populations of V. cholerae  (Constantin de Magny and 

Colwell, 2009). 

During stressful conditions in the aquatic environment, V. cholerae strains transition into a dormant 

stage known as the viable but non-culturable (VBNC) state to survive and then revert into a culturable 

and infectious form when conditions become more optimal, including salinity, pH, temperature and 
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proper nutrients (Fig. 6) (Lutz et al., 2013; Vezzulli et al., 2010, 199). Classic bacteriological culture 

methods usually fail to detect environmental samples containing such VBNC strains and in Manuscript 

B, we have described a more sensitive methodological approach for the detection of these strains, which 

can play an important role in studying the epidemiology of cholera. The environmental non-toxigenic 

non-O1/nonO139 strains can in some cases acquire the CTX phage in the aquatic environment and 

convert to the toxigenic stage (Faruque and Mekalanos, 2012), underlining that environmental strains 

could be progenitors of new outbreak strains. In Manuscript B and C, we reported close phylogenetic 

relationships between clinical outbreak strains and V. cholerae from the aquatic environment, mainly 

from fish and phytoplankton obtained from Lake Victoria. The ability of V. cholerae to form biofilms 

through quorum sensing is also a well-documented mechanism by which V. cholerae live and persist in 

the aquatic environment (Kamruzzaman et al., 2010; Lutz et al., 2013).  

Chironomids, also called non-biting midges, endemic in most sub-Saharan freshwater ecosystems 

including Lake Tanganyika and Lake Victoria (Armitage et al., 1995; Broza et al., 2005; Halpern et al., 

2004) are another potential reservoir for V. cholerae. The egg masses of chironomids are laid in nutrient-

rich edges of the lakes, and embedded in a gelatinous layer, which V. cholerae utilizes as source of carbon 

for survival (Broza et al., 2005; Halpern et al., 2004). The ability of V. cholerae to persist in the 

environment and cause epidemics on a seasonal basis has made them one of the few pathogens that have 

survived the major three niche dimensions such as space, time and habitat (Dutilh et al., 2014). 
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Figure 6. Schematic representation of interactions between V. cholerae and aquatic reservoirs in the 

environment and infected cholera patients. Diagram created in Microsoft Power Point by the author.  

 

Among the aquatic reservoirs of V. cholerae, fish have however been less studied compared to 

phytoplankton and other aquatic organisms, especially in the AGLR where fish could be an 

underestimated reservoir for V. cholerae (Halpern and Izhaki, 2017; Hounmanou et al., 2016, 2019b; 

Senderovich et al., 2010). In Bangladesh, Hilsa fish (Tenualosa ilisha ) have been identified as a potential 

source of toxigenic V. cholerae (Hossain et al., 2018), like in the case of Rastrineobola argentea (carps) 

in Manuscript B. In Manuscript D, we provide evidence that tilapia (Oreochromis niloticus), a 

popularly consumed fish in the AGLR, could serve as a reservoir for persistence and transmission of V. 

cholerae within the aquatic environment and subsequently increase the likelihood of human exposure 

(Hounmanou et al., 2019b). Similar studies using zebrafish models indicated that infected zebrafish can 

transmit V. cholerae to naïve zebrafish via excretion (Mitchell et al., 2017; Runft et al., 2014). The 
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implication of fish in cholera transmission in the region requires more research both on genomic 

characteristics of V. cholerae from fish and also on the host-pathogen interactions between V. cholerae 

and fish. Studies from Lake Tanganyika indicated a strong correlation between planktonic blooms, fish 

abundance and cholera (Echenberg, 2011; Plisnier et al., 2015). Similar implications of fish on the 

occurrence of cholera epidemics across Tanzania have also been reported (Dalusi et al., 2015; Rabia et 

al., 2017). Fish-eating birds such as great cormorants have also been identified as important drivers for 

dissemination of environmental V. cholerae, although the birds themselves may not be considered as 

reservoirs (Laviad -Shitrit et al., 2017). The ctxA gene encoding cholera toxin and rfvB-O1 have been 

identified in great Cormorants cloacal swabs, demonstrating that these birds that feed on fish can be 

important vehicles of global dissemination of toxigenic V. cholerae from one water-body to another and 

subsequently one place to the next (Laviad -Shitrit et al., 2017; Laviad-Shitrit et al., 2019). In 

experimental studies it has been shown that these migratory birds can shed V. cholerae that they get from 

infected fish for more than 72 h, a duration that is sufficient for them to  cross oceans (Laviad -Shitrit et 

al., 2017; Laviad-Shitrit et al., 2019). There are different species of migratory water birds in the AGLR, 

which require further investigation regarding their role in the epidemiology of cholera in the region.  

 

1.5. The transmission paradigm of V. cholerae  

V. cholerae is mainly transmitted through the fecal-oral route. As an aquatic microorganism, the 

transmission of V. cholerae to humans has long been associated with exposure to contaminated water 

sources (Nelson et al., 2009; Ratchford and Wang, 2019). This implies that toxigenic clones of V. 

cholerae can infect an index case though ingestion of contaminated water or food (Fig. 7). The index 

case/cases can thereafter develop cholera and represent a source of further spread of the bacteria among 

the community, which will lead to an outbreak through human-to-human transmission (Lutz et al., 2013; 

Reidl and Klose, 2002). During outbreaks, infected individuals will re-infect water bodies with toxigenic 
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V. cholerae through discharge of sewage. The epidemic can be exacerbated in immunocompromised 

communities with poor hygienic conditions and existence of conflicts and population displacements 

(Hounmanou et al., 2016; Ingelbeen et al., 2019; Rajasingham et al., 2019). It is documented that in Sub-

Saharan Africa, the highest number of cholera cases occur in populations around the great lakes, showing 

the importance of the local environment in the transmission cycle of cholera (Bi et al., 2018; Lessler et 

al., 2018). A recent study on the cholera dynamic in West Africa concluded that Accra, Ghana 

represented the main cholera hotspot in this region, with the findings incriminating mainly the poor water 

network systems and unprotected water sources (Moore et al., 2018). We describe the implication of the 

lakes and closeness to water bodies on the incidence of cholera in Tanzania in Manuscript A.  

 

Figure 7. Schematic representation of the cholera transmission and propagation cycle. Diagram created 

in Microsoft Power Point by the author.  
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A cholera index case can also emanate from a different location, which is often the case, by acquiring 

V. cholerae O1 from an active outbreak in a different place then moving to a new geographical area. This 

was the case of the devastating Haitian outbreak in 2010, where V. cholerae O1 was introduced by UN 

peacemakers arriving from Nepal (Hendriksen et al., 2011; Katz et al., 2013). Similarly, V. cholerae O1 

strains that caused the deadly 2016-2017 cholera outbreaks in Yemen were previously reported in East 

African outbreaks since 2014, (Weill et al., 2019), highlighting the complexity of the global 

dissemination of cholera. Infected individuals from imported outbreaks can then excrete V. cholerae O1 

into the sewer system, thus maintaining an endemicity of new populations of V. cholerae in the aquatic 

environment. However, this theory of human-mediated transmission rather than environmentally driven 

cholera has become the topic of investigation in many recent studies as part of the ongoing debate on 

whether cholera epidemics are caused by local indigenous environmental toxigenic strains or are 

originating from imported cases (Ratchford and Wang, 2019; Weill et al., 2017). Genomic analyses from 

African and American cholera outbreaks suggest that human factors are more important in cholera 

dynamics than climate or environmental factors (Domman et al., 2017; Weill et al., 2017). Human 

activity like travel and poor sanitary conditions have also been reported as important sources for spread 

of pathogenic V. cholerae globally over the last century and particularly over the three decades during 

which cholera has established itself in Africa, Latin America, and the Caribbean (Robins and Mekalanos, 

2014). Retrospective analyses of the ancient Danish cholera outbreaks in 1853 proposed the exclusion of 

the environmental sources in the cholera transmission paradigm because their data supported the human-

mediated transmission called “short-cycle” (Phelps et al., 2017, 2018). Thus, it is suggested that humans 

are potential reservoirs of V. cholerae, at least for the African cases, even though this aquatic pathogen 

is not recognized as a fecal bacteria; e.g. to date there seems only to have been one report of a long term 
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carrier of V. cholerae in the world (Azurin et al., 1967). Moreover, V. cholerae cannot survive long-term 

in the acidic conditions in the human gut and humans can therefore not be considered as reservoirs for V. 

cholerae. Without further prospective microbiome studies revealing that humans can be reservoirs and 

long-term carriers of toxigenic V. cholerae, the transmission cycle of V. cholerae will still be built around 

the aquatic environments because the human-mediated transmission cannot stand alone without a prior 

introduction of the bacteria from the environment at one point, even for imported cases. Like the case of 

“eggs and chicken” rhetoric, the discussion about whether the environment or humans contaminate the 

other first remains a prospective area of study as the direction is still unknown. This issue has been 

addressed in Manuscripts B and C by characterizing clinical and environmental V. cholerae O1 strains 

from Tanzania using genomic tools. Furthermore, with accumulating evidence that waterbirds can carry 

and disseminate toxigenic V. cholerae from one water body to another between and within continents 

(Laviad-Shitrit et al., 2019), the aquatic environment will remain the focus of cholera transmission even 

in the occurrence of clonal strains in different locations.  

1.6. Effect of climatic events on V. cholerae and cholera around the African Great Lakes   

The seasonal pattern of cholera is one of the most incontestable facts on cholera, notably in cholera 

endemic countries (Lemaitre et al., 2019). Rainfall, for instance, plays a major role in water surface 

contamination, through the washout of open-air defecation sites and raw sewage circulation in the 

environment. In addition, rainfall will lead to increased washout/introduction of nutrients into coastal 

areas, with subsequent algae blooms due to eutrophication, with proliferation of V. cholerae. Outbreaks 

in Tanzania, Bangladesh and other endemic countries have usually been reported after flooding (Lemaitre 

et al., 2019; Reyburn et al., 2011; Rinaldo et al., 2012). A large ecological and microbiological study of 

Lake Tanganyika indicated seasonal fecal contamination of the Tanganyika surface water along all 
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sampling sites in Tanzania, Zambia, Burundi and DRC, where runoff water serves as vehicle for 

contamination of the lake with V. cholerae from sewage and open pit latrines (Plisnier et al., 2015).  

El- Niño events, characterized by the rise in sea surface temperatures, can affect reservoirs of V. 

cholerae such as phytoplankton blooms in the lakes and thereby influence subsequent exposure and 

incidence of cholera. These parameters include increased water surface temperature, changed wind 

direction or upwelling of nutrients from deeper water  (Reyburn et al., 2011), leading to higher incidence 

of cholera in the following years (Fig. 8). El- Niño events are reported to favor excess rainfall in the 

AGLR and have thus influenced cholera epidemics with low incidence during the dry season in some 

regions but a trend in increased outbreaks by the end of the dry season (Nkoko et al., 2011; Plisnier et 

al., 2015). Around Lake Victoria, significant fluctuations in cholera incidence were associated with 

increased rainfall (Stoltzfus et al., 2014). The correlation between rainfall and cholera incidence in 

mainland Tanzania from 2007 to 2017 is described in Manuscript A for all regions in mainland Tanzania. 

In Zanzibar, analysis of cholera and rainfall data between 1993 and 2017 revealed that outbreaks were 

highly seasonal, with high-risk periods corresponding to the annual rainy seasons. This could represent 

an opportunity for cholera preparedness and control (Bi et al., 2018). 
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Figure 8. Map showing the strength (%) of temperature and precipitation that may amplify the incidence 

of cholera in Africa according to the climate projected for 2020. Warm colors represent new areas that 

may see increases in cholera outbreaks. Adopted from a previous report (Wendel, 2015). 

 

Apart from rainfall, other climatic factors such as temperature and pH have a significant impact on 

the dynamics of V. cholerae in the environment and thereby on the epidemiology of cholera (Huq et al., 

1984; Lipp et al., 2002). With the current climate change, global average temperature is expected to 

increase, which will result in the rise of sea levels. The increased global temperature may influence the 

temporal fluctuations of cholera, potentially increasing the frequency and duration of cholera outbreaks 

(Emch et al., 2008). Climatic factors like El- Niño events can alter the local aquatic environment in the 

lakes, such as water surface temperature, precipitation, salinity and nutrient concentration, which may 

favor V. cholerae either directly or through its environmental reservoirs (Emch et al., 2008). In the AGLR, 

encompassing both Lakes Tanganyika and Victoria and other nearby lakes with similar ecological 
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conditions, positive correlation between increase in cholera incidence and periods of warm El- Niño 

events have been reported (Nkoko et al., 2011; Plisnier et al., 2015). Focusing on five African Great 

Lakes, a positive correlation was also reported in Uganda between changes in climatic parameters and 

the recovery of toxigenic V. cholerae in the lakes (Bwire et al., 2018). Similar situations have been 

described in Manuscript B, where we described the occurrence of toxigenic V. cholerae O1 of outbreak 

potential obtained from Lake Victoria during a non-outbreak period under optimum water temperature, 

pH and salinity. The influence of increased temperature as a major risk factor affecting the survival and 

growth of V. cholerae in southeastern Africa has been suggested as a predicting variable for future 

cholera outbreaks in the region (Paz, 2009). On the global scale, cholera outbreaks seem recurrent and 

more constant in tropical countries close to the equator with high and generally constant temperatures, a 

region where Lake Tanganyika and Lake Victoria, the two main African Great Lakes are located (Emch 

et al., 2008; Ingelbeen et al., 2019). There is, however, an interconnection between temperature and other 

environmental factors like algal blooms, grazing of other organisms, or CTX phage acquisition for the 

growth of toxigenic V. cholerae that can lead to subsequent cholera  (Faruque and Mekalanos, 2012; 

Vital et al., 2007). Moreover, wind direction through increased or decreased upwelling in temperature is 

reported to significantly influence the amount of nutrients in the water and therefore interact with the 

effect of temperature on V. cholerae and cholera outbreaks (Broza et al., 2005; Paz, 2009; Vital et al., 

2007). The role and cost of climatic factors and climate change should not only be observed as risk 

factors; rather, they should be considered as assets for prediction and control of cholera in endemic 

settings like around the AGLR (Lipp et al., 2002; Trærup et al., 2011). Socioeconomic activities like 

fishing, leading to settlements along the lakeside, together with poor hygiene practices and unhygienic 

conditions, and social conflicts and unrest can interact with climatic factors to favor the emergence of 
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cholera outbreaks due either to indigenous strains of V. cholerae or newly introduced lineages (Lessler 

et al., 2018; Nkoko et al., 2011; Rebaudet et al., 2013). 

1.7. Application of WGS in studying the evolution and resistance of V. cholerae  

Before the advent of WGS, identification and characterization of V. cholerae was performed 

using a number of methods, ranging from phenotypic techniques to DNA based molecular typing. Most 

DNA based approaches included PFGE, CTX-genotyping, ribotyping and MLST (Rahaman et al., 2015). 

Various other methods have been developed and applied in characterization of V. cholerae after the 

establishment of WGS. These include VNTRs, variable number of tandem repeats; MLVA, multi-locus 

variable tandem repeat; and MVLST, multi-virulence locus sequencing typing (Table 2) (Rahaman et al., 

2015). WGS however, offers so far the best resolution into the molecular epidemiology of pathogens 

(Bayliss et al., 2017). The first whole genome project for V. cholerae was published in the year 2000 

when V. cholerae O1 El Tor N16961 was fully sequenced, launching the current genomic era of this 

pathogen (Heidelberg et al., 2000). Since then, WGS data coupled with bioinformatics tools have been 

adopted for evolutionary studies of V. cholerae and have been very effective in many regions of the globe. 

One example is the Haitian outbreak in 2010 that was tracked back to Nepalese peacemakers based on 

genomic analyses (Grad and Waldor, 2013; Hendriksen et al., 2011). Similarly, WGS data of 136 V. 

cholerae seventh pandemic El Tor isolates collected over 40 years were analyzed and three independent 

overlapping waves of V. cholerae, all coming from the Bay of Bengal, were identified with 

transcontinental outbreaks of cholera caused by genetically similar strains (Mutreja et al., 2011; Rahaman 

et al., 2015). Furthermore, the source and transmission routes of the devastating cholera outbreaks in 

Yemen in 2016-2017 were screened using genomic tools, revealing that the outbreak strains originated 

from south Asia, and have been involved in previous epidemics in East Africa before spreading to Yemen 

(Weill et al., 2019). In the African context, a large collection of 1,070 whole-genome sequences of V. 
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cholerae collected in 45 countries over almost 50 years were studied and revealed that all epidemics on 

the continent since the 1970s were caused by a single lineage of V. cholerae from Asia (7PET), which 

had been introduced on at least 11 occasions (Weill et al., 2017). The lineages involved in Tanzanian 

epidemics were described in Manuscript C. Genomic tools were also applied to decipher the evolution 

of cholera in the Americas, where the whole genomes of V. cholerae responsible for outbreaks in Central 

and South America were investigated and revealed that they originated  from Asia (Domman et al., 2017). 

Although imported strains from Asia are found in most of these outbreaks to be the lead fuel of epidemics 

(Robins and Mekalanos, 2014), locally circulating strains both in people and the aquatic environment 

also cause many outbreaks (Domman et al., 2017; Hounmanou et al., 2016).  

Table 2. Evolution of methods developed and applied in the characterization of V. cholerae. Data adopted 

from previous reports (Rahaman et al., 2015) 

Periods  Year of establishment   Methods  

Pre-sixth pandemic  1884 V. cholerae grown as pure culture   

Sixth pandemic  1916 Serological classification  

Pandemic free period 
1923 Phage typing  

1959 Biotyping  

Seventh pandemic 

1986 Ribotyping  

1990 PFGE, RAPD  

1995 AFLP 

1998 MLST 

2000 WGS 

2002 VNTR 

2009 MLVA 

2011 MVLST 
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Complete genome reads from WGS data can be used to directly detect virulence genes, 

antimicrobial resistance determinants and the sequence types of V. cholerae strains in real time (Rahaman 

et al., 2015). Although antimicrobial resistance is not as alarming in cholera compared to other infectious 

diseases, the use of antimicrobials in the treatment regimen has contributed to the spread of resistance 

genes across the world following the spread of cholera. Genomic tools are employed to determine the 

occurrence of conjugative plasmids and integrative conjugative elements (ICE) in V. cholerae encoding 

resistance to many antibiotics, including sulfamethoxazole and trimethoprim, as well as various other 

acquired AMR genes and resistance due to chromosomal mutations (Hendriksen et al., 2011; Wang et 

al., 2016). In addition to evolutionary analyses, WGS data can be used for  new diagnostics, molecular 

typing and vaccination strategies (Hendriksen et al., 2019; Ramamurthy et al., 2019). Furthermore, 

genomic analyses have provided understanding in the different molecular mechanisms of antibiotic 

resistance in V. cholerae, leading to suggestions of alternative strategies that can be used to treat the 

disease such as the recently proposed use of anti-virulence compounds (Narendrakumar et al., 2019).  

Despite the advances provided by WGS in cholera epidemiology, there is still a need for 

standardization of pipelines and databases. For instance in the 2010 Haitian outbreak, Nepalese 

peacemakers were incriminated (Hendriksen et al., 2011), but the same strains were found as genetically 

related to Indian and Cameroonian strains (Reimer et al., 2011) and further concluded to have originated 

from South Asia, not Nepal (Chin et al., 2011). These confusions substantiate the limitations of genomic 

analyses, which always need epidemiological data for more comprehensive interpretations. In this Thesis, 

epidemiological data presented in Manuscript A have been used to complement the genomic 

information described in Manuscripts B and C.  

 



 
 

41 
 

1.8. Study objectives  

1.8.1. Overall objective  

The overall objective of this Thesis is to provide insights into the dynamics of cholera epidemics, the 

genomic evolution, the pathogenesis and aquatic reservoirs of the seventh pandemic Vibrio cholerae O1 

in Tanzania. Its goal is to contribute to the pool of knowledge that will enable Tanzania to get rid of the 

cholera epidemics by 2030. 

1.8.2. Specific objectives 

To achieve the general objective, four studies were designed and conducted with the following specific 

objectives: 

i. Study 1 (Manuscript A): To describe the epidemiology of cholera in Tanzania and address 

weaknesses in the current surveillance system in achieving the objectives of the global roadmap 

to 2030 for cholera control  

ii. Study 2 (Manuscript B): To assess the occurrence of toxigenic V. cholerae O1 during non-

cholera outbreak periods in Lake Victoria and the genetic characteristics that support 

environmental persistence and relatedness to pandemic strains 

iii. Study 3 (Manuscript C): To investigate the evolution of Vibrio cholerae O1 isolated in Tanzania 

during the past three decades, including evolution in determinants of pathogenicity and 

antimicrobial resistance 

iv. Study 4 (Manuscript D): To determine the role of fish (Oreochromis niloticus) as a reservoir 

host for the survival and transmission of toxigenic V. cholerae O1 in the aquatic environment  
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Chapter 2: Summary of Materials and Methods  

This chapter describes the study designs and the study area where all four studies included in this Thesis 

were conducted and provides a brief overview of the analyses carried out in each study with further 

details provided in the manuscripts A, B, C and D.  

2.1. Description of study area and study designs 

All four studies of this Thesis were carried out using data and V. cholerae strains collected in the 

United Republic of Tanzania, an East African country, which is part of the AGLR (Nkoko et al., 2011). 

Tanzania shares borders with Kenya and Uganda to the north; Rwanda, Burundi, and the Democratic 

Republic of the Congo to the west; Zambia, Malawi, and Mozambique to the south; and the Indian Ocean 

to the East (Fig. 9). Tanzania is administratively divided into two parts, namely mainland Tanzania (also 

known as Tanganyika) and Zanzibar islands (NBS, 2012). 

 

Figure 9. Localization of Tanzania, the study area within East Africa. Adopted from Google Maps.  
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In study 1, we performed a retrospective analysis on 11 years of cholera surveillance data 

collected from 2007 to 2017 by the Ministry of Health for all 25 regions in mainland Tanzania. Data 

from Zanzibar was not included because such analysis has already been conducted and published for the 

period 1993 to 2017 (Bi et al., 2018). This study was conducted using spatio-temporal and regression 

analyses to identify risk factors and hotspots in line with recommendations of the global task force on 

cholera control, which stipulates that prioritizing high-risk areas in endemic countries can substantially 

increase the efficiency of cholera control programs (Manuscript A). This is because only detailed 

analysis of local data in endemic countries can provide an in-depth understanding of local dynamics that 

can be used as data for action to support effective control measures.  

Study 2 was a cross-sectional study conducted during the dry and rainy seasons along Lake 

Victoria where fish, phytoplankton and water samples were collected and analyzed for isolation of V. 

cholerae in off-shore and on-shore waters along the Mwanza basin of the lake as detailed in Manuscript 

B. In this study, we investigated the effect of seasonal pattern, the physico-chemical measurements of 

the Lake water and the absence of ongoing cholera outbreak on the occurrence of toxigenic V. cholerae 

O1 in Lake Victoria. The environmental dynamic of toxigenic strains during the non-epidemic periods 

is crucial in the epidemiology of cholera, but in such periods V. cholerae in the environment can be in a 

dormant, non-culturable state. We therefore employed culture-based methods and developed a PCR 

detection method from enriched samples aiming to increase the sensitivity of existing methods in the 

recovery of V. cholerae positive samples from the aquatic environment. This study furthermore employed 

genomic tools on the isolated V. cholerae strains to decipher their intrinsic genetic characteristics that 

support environmental persistence and their potential to cause epidemics through pathogenicity 

determinants and relatedness to pandemic strains.  
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In study 3, we analyzed clinical V. cholerae O1 samples collected during cholera epidemics 

across various regions in the country including Zanzibar, Tanga, Songwe, Singida, Ruvuma, Mwanza, 

Morogoro, Mbeya, Mara, Kigoma and Dar es Salaam (Manuscript C). Here, we aimed to provide a 

holistic picture of the evolutionary genomics of V. cholerae O1 involved in cholera outbreaks in Tanzania 

during the past three decades, including evolution in determinants of pathogenicity and antimicrobial 

resistance. The Tanzanian outbreaks strains were then fully sequenced and genome-wide analyses were 

performed to compare them to environmental isolates obtained in Lake Victoria in order to provide 

evidence for environmental survival of pandemic clones, which could be progenitors of future epidemics. 

Both clinical and environmental strains were thereafter analyzed in a global context of the seventh 

pandemic cholera, which helped to characterize introductions and spread of various sub-lineages into 

and outside the AGLR.  

Study 4 was an experimental animal study that took place in laboratory conditions, where fish 

were kept in aquaria as described in Manuscript D. The genomic findings in study 2 and 3, along with 

the literature, provided accumulating evidence of persistence of pandemic clones of V. cholerae in the 

aquatic environment. Since fish are one of the suspected aquatic reservoirs of V. cholerae that are directly 

part of human food chain but could also play a role in global dissemination of the pathogen during 

migration, the study 4 presented in Manuscript D was conducted. In this study, we assessed the role of 

a popular African fish species, tilapia (Oreochromis niloticus) as a reservoir host for the survival and 

transmission of toxigenic V. cholerae in the aquatic environment. The fish were infected in aquaria using 

5 × 107 cfu/mL of V. cholerae O1 Classical, El Tor wild type, El Tor ΔtoxT and V. cholerae non-O1 to 

study their colonization, duration of shedding and transmission in tilapia guts.   
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2.2. Overview of collected data and analyses perfomed   

Manuscripts A to D provide detailed descriptions of the data collection procedures and methodologies 

used in the studies. Table 3 displays a schematic overview of the methods developed and applied.  

Table 3. Summary of collected data and subsequent analyses.  

 Studies  Data collected  Data processing and analyses  

Study 1 

(Manuscript A)  

Cholera cases and deaths (2007-2017) Descriptive statistics 

Total water area in a region (km2) Calculation of cholera incidence  

Total water perimeter/100 km in a region Calculation of case fatality rates 

Demographic and socio-economic data Hotspots analysis using SatScan 

Proportion of regions having sea border (%) Poisson regression for risk factors analysis 

Proportion of regions with international border 

(%) 

Estimation of incidence rate ratios (IRR) 

Rainfall data during year of epidemic  
Lag rainfall in year before epidemic  
GIS data and country shape files  

Study 2 

(Manuscript B) 

Water samples from Lake Victoria  Enrichment of samples in alkaline peptone 

water 

Phytoplankton samples  Bacteriological culture for identification of 

V. cholerae 

Fish samples (Rastrineobola argentea) DNA extraction from both cultured isolates 

and enriched samples 

pH, temperature, salinity, dissolved oxygen 

measurements in Lake Victoria 

PCR on DNA from cultured isolates and 

enriched samples 

 Chi-square and regression analysis  

 Antimicrobial susceptibility testing 

 

Whole genome sequencing (WGS) and 

bioinformatics analyses  

Study 3 

(Manuscript C) 

Clinical V. cholerae O1 (2015-2017) Culture, confirmatory PCR and 

antimicrobial susceptibility testing 

Public V. cholerae genomes originating from 

Tanzania in Genbank and ENA (1993-2015) 

DNA extraction from cultured isolates  

Environmental V. cholerae genomes from Study 2 WGS and bioinformatics analysis  

Study 4 

(Manuscript D) 

Farmed Tilapia (Oreocrhomis niloticus) Aquaria experiment with exposure of fish 

to V. cholerae strains 

V. cholerae strains O395, E7946, JW612 and V. 

cholerae non-O1 

Colonization experiments for 14 days with 

repetition for each strain 

Intestinal V. cholerae counts and counts from 

aquaria water 

Cohabitation experiments with repetitions   

Optical density measurements of aquarium water Generalized linear regression analysis for 

counts 
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2.3. Ethical Consideration  

Studies reported in Manuscripts A, B and C contained no human data or animal manipulation protocols 

and did not require any ethical approval. However, Manuscript D with the aquarium experiments and 

infection of fish with V. cholerae required an ethical approval, which was obtained from the ethical 

review board through the ethical clearance certificate for conducting animal-related research in Tanzania 

with issue number SUA/CVMBS/018/07. Euthanasia of fish and disposal of waste materials were 

performed according to instructions in the ethical approval. 
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Chapter 3. Summary of results  

In this chapter, we provide a concise description of results obtained in the four manuscripts.  

The epidemiological study carried out in Manuscript A aimed to provide understanding in the 

mechanisms of emergence and transmission of cholera in Tanzania as stipulated by the global roadmap 

for cholera control by 2030. Descriptive statistics in this short-communication article revealed a 

cumulated 39,444 cholera cases and 600 deaths across all regions of mainland Tanzania between 2007 

and 2017, giving a case fatality rate of 1.5% and an average annual incidence rate of 8.39 per 100,000 

people. It is shown in Manuscript A that cholera high-risk populations in Tanzania were mostly those 

living in central regions due to urbanization and also populations living near the Great Lakes such as 

Lake Victoria, Tanganyika and Nyaza. The risk of experiencing cholera in these regions was up to 2.9 

times higher than elsewhere in the country (Manuscript A). Besides identifying the lake zones as cholera 

hotspots in Tanzania, this study also confirmed that living near water bodies increases the risks for 

cholera, i.e. for every 100 Km of water perimeter in a region, the cholera incidence increased by 1.5% 

(Manuscript A).  

In study 2, we reported the occurrence of pandemic sub-lineages of V. cholerae O1 in the aquatic 

environment including in fish, phytoplankton and water in Lake Victoria during non-epidemic periods 

(Manuscript B), confirming the implication of waterbodies on cholera incidence as identified in study 

1. Genome analyses of the sequences of these environmental isolates recovered in the Lake more than a 

year after cholera outbreaks have ceased in the lake zone revealed that they were pathogenic strains 

belonging to the seventh pandemic lineage. The majority of them, i.e. F2, F4, W1, W3, P2 and P3 

(Manuscript B) belonged to the third wave of the seventh cholera pandemic and are phylogenetically 

closely related to strains that caused cholera epidemics in Tanzania, Kenya, and Uganda in 2015, with as 

low as three SNPs difference. Some of these environmental strains, notably F1, F3 and W2 of the T10 
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sub-lineage (described in Manuscript C), have persisted in the aquatic environment for relatively longer 

periods due to their relatedness to strains from outbreaks that have occurred going back to 1998 

(Manuscript B and C). The environmental persistence of these strains recovered from the Lake was 

attributed to the circulation of clonal strains in rampant outbreaks in the Eastern African region but also 

to their intrinsic genetic features enhancing survival in the aquatic environment and their interaction with 

fish and phytoplankton supported by the optimum physico-chemical parameters of the Lake 

(Manuscript B). Amongst others, the genetic elements found in the genomes of V. cholerae O1 isolated 

from Lake Victoria that could support their environmental fitness include the putative CRISPR/Cas 

system for phage tolerance, autoinducers (AI-2 LuxP and LuxQ) involved in quorum sensing and biofilm 

formation for environmental survival. Various environmental stress response regulator proteins were 

conserved in the strains, mainly the response regulators of the VieSAB transduction system of Vibrio, 

the two-component response regulator proteins, histidine kinase, and Vibrio Polysaccharides (VPS) 

biosynthesis proteins (Manuscript B). In study 2, we also designed and applied a method with high 

sensitivity for the recovery of toxigenic V. cholerae from environmental samples, which consisted of a 

multiplex PCR reaction (targeting ompW and ctxA) on DNA extracted directly from samples enriched 

for 6 h in alkaline peptone water. This method as shown in Manuscript B is more suitable for 

surveillance of V. cholerae in the aquatic environment.  

In Manuscript C, we studied clinical V. cholerae O1 isolated from cholera patients in 

Tanzania during the past three decades between 1993 and 2017 in a national and global context along 

with strains recovered from Lake Victoria in study 2, aiming to investigate their genomic evolution and 

propose guidance for control based on the genetic patterns of past epidemics. This study revealed that all 

cholera outbreaks that occurred in Tanzania were caused by the 7PET lineage predominated by three 

time-separated sub-lineages, T5, T10 and T13. The T5 sub-lineage of genotype ctxB3 of V. cholerae O1 
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El Tor, known to be part of Wave I of the seventh cholera pandemic, caused all epidemics in Tanzania 

until 1997 (Manuscript C). Between 1998 and 2012, all cholera epidemics occurring in Tanzania were 

caused by the T10 sub-lineage of atypical El Tor genotype ctxB1. The environmental strains F1, F3 and 

W2 misclassified in study 2 were here confirmed as T10 (Manuscript C). Interestingly, V. cholerae O1 

causing outbreaks in the Tanzanian refugee camps between January and May 2015 were also identified 

as genotype ctxB1 and T10 sub-lineage known as early Wave III strains of the 7PET lineage. The origin 

of these refugee camp strains was however traced back to DRC and Zambia based on their sequence type 

ST515, where identical clones have caused outbreaks in 2012 and 2013. It is worth noting that the locally 

circulating T10 strains in Tanzania from 1998 to 2012 and those found in Lake Victoria were all ST69, 

highlighting a potential environmental persistence of the outbreak strains (Manuscript C). Except for 

the refugee camp outbreaks, all analyzed strains in Tanzania after 2013 were T13 atypical El Tor of the 

current wave III genotype ctxB7 causing most cholera outbreaks until 2017. These T13 strains were 

phylogenetically related to strains from other East African countries and Yemen occurring in the same 

periods suggesting cross-border transmission of the same clones (Manuscript C). There was also a 

significant involvement of the African Great Lakes substantiated by clonality at core and accessory 

genomes level between environmental strains from Lake Victoria and V. cholerae O1 responsible for 

older, as well as recent epidemics in Tanzania (Manuscript C). This study also revealed that the T13 

strains are less drug resistant and present approximately 10-kb nucleotide deletions in the SXT element. 

Moreover, nucleotide deletions were observed in the CTX prophage of some strains within T13 and T10 

sub-lineages, which suggest recombination but also requires further virulence studies for their clinical 

relevance (Manuscript C). 

The environmental reservoirs of toxigenic V. cholerae are of crucial epidemiological 

importance for cholera in the sense that knowledge about the inter-epidemic reservoirs of V. cholerae 
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may provide useful insights that can guide control of cholera. Besides cyanobacteria and other phyto- 

and zooplanktons that are well-studied and documented aquatic reservoirs for V. cholerae, Study 4 

identified a common fish species, tilapia (Oreochromis niloticus), as a potential reservoir host for 

survival and transmission of toxigenic V. cholerae in the aquatic environment (Manuscript D). The 

study revealed that the seventh pandemic El Tor V. cholerae O1 colonized tilapia intestines and persisted 

at stable concentrations around 103 cfu/intestine for over two weeks. When water was renewed in the 

aquaria every day by fresh sterile water (see Manuscript D), V. cholerae counts in water decreased from 

107 to 103 cfu/ml and intestinal counts went from 106 to 102 cfu/intestine with and without feeding. The 

tested V. cholerae strains were transmitted from infected to naïve tilapia after 24 h of cohabitation. This 

experimental study confirms for the first time that tilapia and possibly other fish species provide means 

for colonization and multiplication for the pandemic strains of V. cholerae in the aquatic environment 

while also favoring its horizontal transmission, thus supporting persistence within the fish population 

and the aquatic environment. It will therefore increase the likelihood of human exposure to the pathogen 

via direct contact with fish, fish infected water or further spread from fish-eating migratory birds.  
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Manuscript A: “Cholera hotspots and surveillance constraints contributing to recurrent epidemics 

in Tanzania”  

Short-communication article published in BMC Research Notes (2019) 12:664 

https://doi.org/10.1186/s13104-019-4731-0 

 

Yaovi M.G. Hounmanou1*, Kåre Mølbak1,2, Jonas Kähler2, Robinson H. Mdegela3, John E. Olsen1, 

Anders Dalsgaard1,4 

*Corresponding address: gil@sund.ku.dk  

Keywords: Cholera; Tanzania; spatial-temporal analysis; Great Lakes; cholera dynamics    
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Manuscript B: “Surveillance and Genomics of Toxigenic Vibrio cholerae O1 from Fish, 

Phytoplankton and Water in Lake Victoria, Tanzania” 

Published in Frontiers in Microbiology 

 

Hounmanou YMG, Leekitcharoenphon P, Hendriksen RS, Dougnon TV, Mdegela RH, Olsen JE and 

Dalsgaard A (2019). Front. Microbiol. 10:901. doi: 10.3389/fmicb.2019.00901 
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Manuscript C: “Genomic insights into Vibrio cholerae O1 responsible for cholera epidemics in 

Tanzania from 1993 to 2017” 

Article accepted for publication in PLoS Neglected Tropical Diseases 13(12): e0007934. 

https://doi.org/10.1371/journal.pntd.0007934 

Yaovi Mahuton Gildas Hounmanou1*, Pimlapas Leekitcharoenphon2, Egle Kudirkiene1, Robinson H. 

Mdegela3, Rene S. Hendriksen2, John Elmerdahl Olsen1 and Anders Dalsgaard1 

* Corresponding author:  

Yaovi M. Gildas Hounmanou  

University of Copenhagen  

gil@sund.ku.dk  

Short title: Evolutionary genomics of V. cholerae O1 in Tanzania 

Keywords: Vibrio cholerae, Genomics, Pangenome, Tanzania, Cholera, African Great Lakes Region 
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Manuscript D: “Tilapia (Oreochromis niloticus) as a Putative Reservoir Host for Survival and 

Transmission of Vibrio cholerae O1 Biotype El Tor in the Aquatic Environment” 

Published in Frontiers in Microbiology 

Hounmanou YMG, Mdegela RH, Dougnon TV, Madsen H, Withey JH, Olsen JE and Dalsgaard A 

(2019). Front. Microbiol. 10:1215. doi: 10.3389/fmicb.2019.01215 
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Chapter 4. General discussion and limitations of the Thesis  

4.1. Dynamics of V. cholerae O1 and cholera in Tanzania  

The evolution of cholera epidemics for the past decades in Tanzania as described in Manuscript A 

and supported by a previous study on Zanzibar islands (Bi et al., 2018) indicates that the country can be 

considered a cholera endemic area, as they reported cholera cases almost every year since 1974 (Lessler 

et al., 2018). Tanzania is actually one of the 48 cholera endemic countries where cholera is still a serious 

public health concern and where the WHO aims to reduce deaths by 90% or eliminate the disease by 

2030 (WHO, 2017). The geographical distribution of cases throughout the various outbreaks fluctuates 

significantly, although some high-risk areas were identified. Areas like the central regions and the Lake 

Zones of the country have experienced more outbreaks or higher magnitude outbreaks. These regions, 

especially the Dodoma capital region, had the highest cholera incidence in the past decade, and were 

detected in the hotspot analyses as high-risk areas requiring priority for interventions towards cholera 

control (Manuscript A). This points to the role of urbanization and population displacement on cholera 

incidence (Phelps et al., 2017, 2018; Sasaki et al., 2008). As described in Manuscript A, the increasing 

number of cholera cases between 2015 and 2017 in Dodoma coincided with the period where the 

Tanzanian government decided to move offices to Dodoma. This was therefore associated with 

movements of government employees and affiliated business from Dar es Salaam, an endemic cholera 

city, as well as a number of people working with the construction of new government office buildings 

(Lugongo, 2019). Increased risk of transmission of V. cholerae due to human movements has been 

previously reported in different parts of the world, like in the 2010 Haitian outbreak (Hendriksen et al., 

2011) and in Yemen in 2016-2017 (Weill et al., 2019).  

Between 1998 and 2012 for instance, cholera outbreaks were reported in different and distant 

regions of Tanzania but they were all caused by a single genotype ctxB1, of sequence type ST69 
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belonging to the T10 sub-lineage within the 7PET lineage of V. cholerae O1. This substantiates the 

implication of human movements as a driver for the spread of V. cholerae to cause epidemics across the 

country (Manuscript C). Similar situations are recorded for the countrywide outbreak that occurred 

between August 2015 and December 2017, where all regions were affected by an outbreak caused by a 

single genotype of V. cholerae ctxB7, sub-lineage T13. Human-mediated transmission of identical sub-

lineages of V. cholerae is further observed, with evidence of cross-border spread of V. cholerae between 

countries of the AGLR, such as Tanzania, Kenya, Uganda, DRC, Rwanda, Burundi etc., that experienced 

cholera outbreaks caused by identical sub-lineages of V. cholerae O1 in the same period. Besides human 

transport, the spread of V. cholerae across countries or continents can also be attributed to other factors 

such as migratory water-birds that can move pandemic strains from one location to the next (Laviad -

Shitrit et al., 2017; Laviad-Shitrit et al., 2019). This hypothesis is supported, for instance, by the fact that 

Kenya, Tanzania and Uganda that have Lake Victoria in common experienced cholera outbreaks during 

the same period with genetically identical strains that could be disseminated by water-birds. The 

increasing use of antimicrobials in cholera treatment regimens in the early 1990s led to a high prevalence 

of antimicrobial resistance in T5 and T10 sub-lineages causing outbreaks in Tanzania and its neighboring 

countries until 2012 (Manuscript C). These sub-lineages are mainly marked by the presence of Inc/AC 

plasmids in their genomes, carrying beta-lactam resistance genes (for T5 strains) and the SXT-ICE 

element, encoding resistance to sulfamethoxazole and trimethoprim in most T10 strains. The current T13 

sub-lineage of 7PET, however, show limited antimicrobial resistance as a result of about 10-kb 

nucleotide deletions on the SXT-ICE. The fact that these genetically related strains with similar resistance 

pattern are involved in different epidemics across the region support our initial argument of cross-border 

transmission of cholera in East Africa, calling for collaborative control efforts. The nucleotide deletions 

on the CTX prophage encoding the main virulence factor, cholera enterotoxin, in some T10 and T13 
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strains in Tanzania (Manuscript C) prompts the need for further studies on their clinical relevance even 

though co-infection of ctxA-positive and ctxA-negative strains can occur in some patients (Domman et 

al., 2018).  

Although seasonality is normally known to affect cholera incidence (Bi et al., 2018; Emch et al., 

2008; Lemaitre et al., 2019), our findings in Manuscript A showed no positive correlation between 

rainfall and risk for cholera in Tanzania. It follows that cholera outbreaks in Tanzania may not really 

follow regular seasonal fluctuations. Furthermore, there was no genetic diversity between V. cholerae 

strains involved in outbreaks from dry and rainy seasons in the same year. Nevertheless, we observed 

two different sub-lineages causing cholera in Tanzania in 2015. The first, from January to May 2015, 

occurred in and around Kigoma refugee camps in Tanzania and were caused by T10 strains of sequence 

type ST515 likely originating from DRC and Zambia because of refugees fleeing into Tanzania from 

Burundi and DRC at the time (Manuscript C). Later in the same year, i.e. from August 2015, it was the 

T13 ST69 strains already circulating in the region that were involved and probably until now. Apart from 

anthropogenic activities, environmental factors also influence the dynamics of cholera epidemics. 

4.2. Genomic and epidemiological evidence that recurrent cholera epidemics in Tanzania could 

be triggered by the aquatic environment  

Epidemiological data in Manuscript A suggested that regions surrounding Lake Victoria, Lake 

Tanganyika and Lake Nyaza were cholera hotspots in Tanzania and this was supported by regression 

analyses showing that every 100 Km of water perimeter in a region increased the cholera incidence by 

1.5%. Based on these findings, we concluded that living near lakes had an implication on increasing 

cholera incidence and such correlation has been reported in many cholera endemic settings including 

DRC (Bompangue et al., 2008; Islam et al., 2019; Nkoko et al., 2011). Moreover, findings in Manuscript 

B, where toxigenic V. cholerae O1 isolated from Lake Victoria were phylogenetically identical to those 
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causing cholera outbreaks in the AGLR, further illustrates the association between the aquatic 

environment and recurrence of cholera outbreaks. The genetic relatedness was observed both in the core 

genomes as well as in the accessory genomes of the clinical strains and the environmental V. cholerae 

O1 recovered from Lake Victoria (Manuscript C). The genetic content of our environmental strains, 

including within pathogenicity islands and antimicrobial resistance determinants, was similar to that of 

clinical outbreak strains, showing a strong connection between the two niches as opposed to previous 

studies, which suggested that environmental strains usually lack some pathogenic traits (Chun et al., 2009; 

Li et al., 2019). In Manuscript D, we further confirmed our hypothesis with the persistence of up to 103 

cfu/ml of 7PET V. cholerae in water and fish gut for more than two weeks after infection. The rampant 

status of cholera epidemics in Tanzania and its neighboring countries is therefore not only facilitated by 

human movements but is also due to occurrence and persistence of pandemic lineages of V. cholerae O1 

in the aquatic environment, including in fish, phytoplankton and water in Lake Victoria during both 

epidemic and non-epidemic periods (Manuscript B). These environmental reservoirs provide room for 

toxigenic strains to persist in the environment and maintain the endemicity of cholera in human 

populations through continuous exposure to new progenitors of toxigenic V. cholerae (Lutz et al., 2013). 

The outcomes from these genomic and epidemiological data can facilitate intervention strategies in 

Tanzania and East Africa since the potential reservoirs supporting the survival of V. cholerae in the 

environment are identified. To meet the objectives of the global roadmap to cholera control by 2030, 

findings from this study can help local and specific interventions in Tanzania and the countries 

surrounding the African Great Lakes. Since the implication of aquatic environments on cholera is proven, 

it is essential to describe how V. cholerae survive in the aquatic environments of Tanzania during and 

between epidemic periods.  
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4.3. Intrinsic and external factors supporting persistence of pandemic V. cholerae O1 in Lake 

Victoria and subsequent feeding of the epidemic cycle   

The aquatic environment can be harsh for the survival of most bacteria but it is the normal habitat for 

non-pathogenic V. cholerae (non-O1, non-O139) (Alam et al., 2006; Islam et al., 2019). Toxigenic V. 

cholerae O1 of outbreak potential are however not commonly found in the aquatic environment 

especially during non-outbreaks periods (Faruque et al., 1998; Islam et al., 2019; Lutz et al., 2013). 

Recovery of such strains in this study (Manuscript B) more than a year after cholera has ceased in the 

Tanzanian basin of Lake Victoria suggested the existence of internal and external factors supporting their 

survival. All isolates recovered from the environment were of the 7PET lineage and it has been proposed 

that genes encoded in the seventh pandemic island may function in persistence in the aquatic environment 

(Chun et al., 2009). These authors further suggested that the absence of the seventh pandemic islands in 

the Classical biotype could explain its extinction and this is in line with our experimental findings in 

Manuscript D where the Classical biotypes were undetectable in fish guts and in aquarium water after 

one week. Survival and maintenance of pathogenicity in 7PET V. cholerae in the aquatic environment 

during and between outbreaks favoring resurgence of outbreaks in humans can be attributed to the 

presence of genetic elements that allow these strains to withstand nutrient depletion or other 

environmental stresses as well as interactions with aquatic reservoirs (Chun et al., 2009).  

Strains recovered from the Lake present molecular adaptation machinery for attachment, survival and 

defense that supports their environmental survival. The adaptation machinery includes the magnesium 

and cobalt efflux protein (CorC), the cobalt-zinc-cadmium resistance protein (CzcD) and the multidrug 

efflux pump component (MtrF) conversed in their defense system (Manuscript B) that enable strains to 

persist in the Lake against toxic compounds and heavy metal residues (Gong et al., 2018; Kishe and 

Machiwa, 2003; Ogwok et al., 2009). Moreover, it is proposed that vibriophages are an integral part of 
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the natural drop of cholera epidemic curves when lytic phages from the environment and the gut begin 

to infect and kill outbreak strains (Faruque and Mekalanos, 2012). In order to persist in the aquatic 

environment and provide progenitors for resurgence of future outbreaks, environmental strains recovered 

in Lake Victoria do not contain in their chromosome the PICI-like elements, which offer a sequence-

specific area for invading phage DNA (Seed et al., 2013). This phage resistance/tolerance phenotype can 

play a role in the environmental fitness of the strains found in Lake Victoria. The pandemic strains 

recovered in the Lake also contained the two-component response regulator proteins, histidine kinase, 

Vibrio Polysaccharides (VPS) biosynthesis proteins and autoinducers (AI-2 LuxP and LuxQ) involved in 

quorum sensing and biofilm formation that can serve as one of the internal factors for environmental 

survival (Bari et al., 2013; Kamruzzaman et al., 2010). Furthermore, as for many other Vibrio species, 

the strains recovered from Lake Victoria showed their ability to survive in the Lake in a viable but not 

culturable state without losing their toxin genes, as testified by the significantly higher recovery of ctxA-

positive samples in our direct PCR method compared to the full-culture technique (Manuscript B).  

With respect to external factors maintaining the persistence of toxigenic V. cholerae in 

Lake Victoria, we reported throughout the dry and rainy seasons very optimum physico-chemical 

parameters including temperature, pH and salinity, which are well-established conditions for the survival 

of toxigenic V. cholerae in the aquatic environment (Hounmanou et al., 2016). Moreover, the strains 

demonstrated their attachment to environmental reservoirs such as fish and plankton composed of more 

than 40 different taxa and belonging to three major phytoplankton groups, including green algae, 

cyanobacteria, and diatoms. These phytoplankton species have been described to serve as reservoirs for 

survival of V. cholerae in aquatic environments (Islam et al., 2019). Since the epidemiological 

importance of environmental reservoirs of V. cholerae is crucial, we needed to explore the under studied-

reservoirs, which are fish that are directly involved in the food chain. Findings in Manuscript D 
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confirmed the hypothesis in Manuscript B that fish are not just contaminated by V. cholerae due to 

feeding on phytoplankton, but they can actually serve as reservoir hosts for environmental survival and 

subsequent transmission of 7PET V. cholerae in the aquatic environment. Knowing that fish-eating 

migratory birds can shed V. cholerae obtained from fish for more than 72 h across countries/continents 

(Laviad-Shitrit et al., 2019), the role of fish in the maintenance of cholera endemicity in Tanzania, which 

is until now underestimated, should be taken more seriously in interventions. On the other hand, 

Oreochromis niloticus (tilapia) and Rastrineobola argentea (carps) shown in this study as reservoirs of 

7PET V. cholerae (Manuscript B and D) are popular fish species in the AGLR. Their involvement as 

external factors and reservoirs favoring persistence of toxigenic V. cholerae O1 in the region can not 

only help to tailor control measures in the lake zones but can also lead to serious economic consequences 

for people whose livelihood depend on the fisheries sector due to the ban that may follow this activity 

during outbreaks. It is reported that the stigma related to cholera leads to various economic losses from 

trade and tourism and this has caused significant under-reporting of cholera in many endemic countries 

(Lonappan et al., 2019); a situation that cannot help the effective control of cholera. The potential 

negative economic effects of cholera are also one of the reasons why some countries often report major 

outbreaks as “acute watery diarrhea” without stating which pathogen caused it. 
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4.4. Limitations of the Thesis and lessons learnt   

The studies included in this Thesis present some limitations that do not impede the conclusions but can 

provide room for future research.  

i. In Manuscript A, the weakness of the cholera surveillance system in Tanzania to provide 

disaggregated data available weekly and at district levels limited the study to identify specific 

hotspots to serve as data for action to support the roadmap for cholera control. This can be fixed 

by proposing detailed district-based reporting in the country. The study was however able to 

determine some useful hotspots that corroborates the genomic findings.  

ii. There is a relatively lower incidence of cholera in Tanzania based on reported data and this could 

be attributed to the fact that reporting cholera has negative economic impacts on affected 

countries, leading to underreporting (Manuscript A). To alleviate such situation, Tanzanian 

authorities need to be informed on the importance of accurate and exhaustive reporting for 

effective control of the disease.  

iii. The actual sub-lineages of four environmental 7PET V. cholerae strains in Manuscript B (P1, 

F1, F3 and W2) were not accurately identified until further analysis in Manuscript C due to 

limitations of the initially used bioinformatics pipelines. A new harmonized and updated database 

specific for V. cholerae called CholeraeFinder is being constructed in conjunction with the Centre 

for Genomic Epidemiology at the Technical University of Denmark (DTU) to allow reproducible 

and accurate analyses of V. cholerae genomes.  

iv. It could have been interesting to perform whole genome sequencing on DNA directly obtained 

from enriched samples representing viable but not culturable strains, but the quality of such a 

complex DNA specimen may not be acceptable for whole genome sequencing as it might contain 
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Eukaryotic and Prokaryotic genomes and will not be purely and solely V. cholerae (Manuscript 

B).  

v. Despite the evidence of phylogenetic relatedness between clinical and environmental isolates of 

V. cholerae O1 in Tanzania (Manuscripts B and C), the current data still cannot indicate the 

direction of pathogen transfer and the original source. The study, however, identified potential 

environmental reservoirs that harbor pandemic strains favoring continuous human exposure to 

the pathogen and maintenance of the rampant status of cholera in the study area.  

vi. The currently available methods and knowledge, including those generated in this thesis, are not 

able to predict the next sub-lineages of V. cholerae that can emerge in future epidemics and their 

clinical relevance (Manuscripts B and C). The clinical relevance and epidemiological 

importance of the currently circulating sub-lineages are however, well described in the Thesis to 

facilitate interventions.  

vii. Despite the presence of some clinical strains with deletions on the CTX prophage, the current 

data do not indicate the virulence potential of such strains (Manuscript C). We however reported 

that these deletions are not monophyletic and strains harboring them could be recombined, hence 

more strains with the ctx deletion could occur.  

viii. In the experimental studies, although fish remained colonized with about 103 cfu/intestine of V. 

cholerae until the end of two weeks, the initial infection dose used to ensure uptake of the test 

strains was higher than the naturally occurring levels of V. cholerae in the aquatic environment 

(Manuscript D). We however proposed that further studies need to be conducted with a lower 

infection dose to confirm the findings.   
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ix. We provided evidence of horizontal transfer of V. cholerae between fish, but it remains to 

demonstrate the possibilities of vertical transmission through fish eggs and subsequent 

dissemination by migratory fish-eating birds found around the AGLR (Manuscript D).  
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Chapter 5. Conclusion, recommendations and future research needs   

5.1. Conclusion  

In sum, the studies carried out during this PhD demonstrated that cholera is endemic in Tanzania 

because of the recurrent and rampant outbreaks in the Eastern African region supported by existence of 

environmental reservoirs for pandemic V. cholerae in Lake Victoria favoring persistence and resurgence 

of the pathogen throughout the year. The dynamics of cholera in Tanzania is not always seasonal but 

mostly depends on anthropogenic activities mainly human movements within the AGLR due to the cross-

border transmission of the pathogen. We also reported that cholera high-risk populations in Tanzania 

include those living near lakes and central regions, being areas where intervention should be prioritized 

in order to control further spread within the country. We documented that cholera outbreaks in Tanzania 

for the past three decades are caused by the single lineage 7PET V. cholerae O1 occurring in three time-

separated sub-linages mainly T5, T10 and T13 over time with introductions of new sequence types from 

neighboring countries. Antimicrobial resistance was surprisingly not found to be a big problem in the 

studied strains, especially not among the T13 sub-lineages causing recent epidemics.  

Moreover, the studies provide scientific evidence based on genomic and epidemiological data 

that recurrent cholera epidemics in Tanzania are triggered by the aquatic environment as testified by the 

genome-wide close phylogenetic relationship between environmental strains recovered from Lake 

Victoria and clinical strains causing cholera outbreaks in Tanzania and its neighboring countries. 

Existence of waterbodies in a region was also found to increase the cholera incidence in that region.   

Several intrinsic and external factors were pointed out as potentially supporting the persistence 

of the pandemic strains in the Lake. These include the presence of rampant epidemic foci in the AGLR 

leading to continuous discharge of epidemic clones in the water and the existence of genes encoding the 
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seventh pandemic islands in these 7PET strains favoring their survival in aquatic niches. Resistance to 

toxic compounds and heavy metals from the Lake as well as mechanisms for biofilm formation and phage 

resistance phenotypes were also identified as factors supporting the persistence of strains in the aquatic 

environment. On the other hand, the Lake provides optimum growth conditions for V. cholerae with its 

tropical temperature and alkaline pH. The presence of various taxa of phytoplankton in the Lake offering 

symbiotic life to the V. cholerae strains contributed to their survival in the Lake even during non-outbreak 

periods. Last but not least, Lake Victoria and possibly other Lakes in the AGLR represent underestimated 

reservoirs for toxigenic V. cholerae via the various fish species that they contain because tilapia is 

demonstrated in this study to play an essential role in the survival and transmission of 7PET V. cholerae 

O1 in aquatic environments.  

 

 

 

 

 

 

 

 

 



 
 

116 
 

5.2 Recommendations  

Based on the findings of this project we propose the following: 

i. A policy brief to health authorities in Tanzania about the hotspot areas identified in this study 

where priority should be directed for effective control measures against cholera in the country  

ii. Routine sanitation and hygiene awareness campaigns in all areas, notably around the Lake zones 

where small but perpetual epidemic foci exist and feed the aquatic environment with toxigenic 

strains capable to persist in various reservoirs and reemerge    

iii. Multi-sectoral and cross-border collaboration within the Eastern African nations, which currently 

represent the main cholera hotspot on the continent In view of the cross-border transmission of 

the 7PET V. cholerae in the AGLR and the presence of reservoirs in the Lakes.  

iv. The initiation of vaccination in neighboring countries whenever one declares an epidemic since 

the same sub-lineages are found to be causing outbreaks in countries around the AGLR at the 

same time 

v. The encouragement of proper reporting of cholera cases by health authorities at district levels to 

strengthen the cholera surveillance system in Tanzania and allow more specific analyses of the 

data to guide decision on effective control despite the negative connotation of cholera reporting  

vi. Increased efforts by the WHO towards cholera control and eradication not only in Africa, but also 

in Asia where most strains originate, given that all strains causing cholera in Tanzania are from 

the same 7PET lineage emanating from Asia.  

 



 
 

117 
 

5.3. Future research needs 

a. Future research in Tanzania should focus on the clinical relevance and toxin production ability 

of V. cholerae strains presenting nucleotide deletions on the ctxA.  

b. Genomic surveillance studies should be carried out to determine the epidemiological importance 

of non-O1/non-O139 strains, which could be undermined sources of cholera. 

c. Studies on fish as a reservoir for V. cholerae in the aquatic environment need further experiments 

with lower initial infectious doses closer to natural levels in the aquatic environment. Experiments 

should also be performed to assess the possibilities of vertical transfer of V. cholerae from fish to 

their offspring. 

d. In the AGLR there are various species of migratory birds that feed on fish and other aquatic 

organisms and the role of these birds in the dissemination of cholera across the region needs to 

be assessed using genomics and experimental tools. 

e. The role of domestic animals in the maintenance of toxigenic V. cholerae O1 within households 

during and between epidemics needs to be investigated. 

f. Since the human-mediated transmission of V. cholerae seems very prominent in the AGLR, future 

quantitative and qualitative microbiome studies should focus on the possibilities of V. cholerae 

carriage among healthy human populations during inter-epidemic periods.  

g. Like the existing cholera outbreak prediction models, there is a need to propose new models that 

can be based on the molecular-clock of V. cholerae to predict up-coming genotypes of V. cholerae, 

their virulence and epidemiological importance.  
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