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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)



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 (Al-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



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.



Sammendrag (Danish Summary)

Vi har i dag tilstreekkelig videnskabelig baseret viden og redskaber til effektivt at forebygge og
behandle kolera; mennesker ber saledes ikke dg af kolera. Trods dette sa fortsetter kolera med at ramme
de fattigste lande hardt, iseer lande syd for Sahara, som lgbende har veret ramt af kolera gennem de sidste
40 ar. Dette skyldes isar fattigdom, darlige sanitere forhold og modtagelige befolkninger, som lever
omkring store sger eller er pavirket af konflikter og naturkatastrofer. VVerdenssundhedsorganisationen,
WHO, har lavet en global plan frem mod ar 2030 til elimination af kolera i 20 af i alt 48 lande, hvor
kolera optreeder endemisk. Overvagning og smitteeftersporing af koleraudbrud pa landeniveau udger et
hovedelement i denne plan.

Tanzania har rapporteret kolera nasten hvert ar siden 1974 og kolera er endemisk i landet ifglge
WHO's landeliste. Denne ph.d. afhandling tilstreeber at bidrage med viden, som skal ggre Tanzania i
stand til at forhindre, at landet ikke laengere bliver ramt af koleraepidemier efter ar 2030. |
undersggelserne, der er beskrevet i afhandlingen, er der anvendt kolera overvagningsdata, kliniske V.
cholerae isolater fra kolerapatienter og toksigene V. cholerae isolater indsamlet fra fisk (Rastrineobola
argentea), fytoplankton og vand i Victoria sgen i regnvejrs- og terre perioder af aret. Der blev ogsa
foretaget akvarieeksperimenter for at fastleegge om fisken tilapia (Orechromis nilioticus) kunne vare en
reservoirvaert og spille en rolle i overferslen af V. cholerae. Der blev anvendt molekylergenomiske og
epidemiologiske verktajer, samt mikrobiel gkologiske undersggelser, til at belyse hovedelementer i
WHO'’s koleraplan, som fokuserer pa at forsta, hvordan kolera og kolerabakterien opstar, udvikler sig og
genopstar 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 naer sger og i de centrale omrader af landet; omrader som fremadrettet bar prioriteres i mere
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langsigtede tiltag til kontrol af kolera. Vi paviste ogsa, at den endemiske kolerasituation i Tanzania isaer
skyldtes introduktion af sygdommen fra omrader med koleraudbrud i flere gst-Afrikanske naboomrader.
Pa tveers af landegraenser forekommer der saledes en transmission af toksigene V. cholerae O1, som
tilherer 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 sgen var fylogenetisk meget tet relateret til pandemiske bakteriestammer, som har forarsaget
koleraudbrud i Tanzania og andre gst-afrikanske lande, idet der kun blev fundet tre SNPs (“’single
nucleotide polymorphisms™) og identiske tilherende indhold af genomer mellem isolater fra de to
undergrupperinger af genotyper. Vi paviste ogsa eksistensen af et miljgreservoir i fisk og fytoplankton,
som fremmer overlevelse og overfarsel af pandemisk V. cholerae O1 i Victoria sgen; et akvatisk system,
som repraesenterer en optimal temperatur og et alkalisk pH, som gger persistens af V. cholerae O1 i
gennem hele aret. Forekomsten af antimikrobiel resistens var forbavsende begraenset i kolerabakterierne,
iseer i de bakterier, som tilhgrer T13 undergrupperingen, som har forarsaget koleraepidemier fornyelig.
Disse kolerabakterier, som er falsomme overfor antimikrobielle stoffer mangler et 10-kb stort nukleotid
pa SXT/ICE genet, som koder for resistens overfor mange antimikrobielle stoffer inklusiv
sulfamethoxazol og trimethoprim. V. cholerae O1 fra miljget indeholdt gener, som koder for resistens
overfor tungmetaller, en faenotypisk egenskab som kan veere gavnlig for vaekst og overlevelse i akvatiske
miljger. V. cholerae O1 bakteriestammerne indeholdt ogsa gener kodende for auto inducere (Al-2 LuxP
and LuxQ), som er involveret i quorum sensing og dannelse af biofilm og derved gger stammernes fitness
i miljeet indtil det tidspunkt bakteriecellerne skal vokse.

Hvis Tanzania i ar 2030 skal veere fri for kolera, som foreslaet i den globale handlingsplan for kolera, sa
skal der gares et stort stykke arbejde politisk med udgangspunkt i den viden, som er generet i denne

ph.d.-undersggelsen. Det er ngdvendigt, at myndighederne mobiliserer flere ressourcer og demonstrerer
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politisk vilje til at fremme implementeringen af vand- og sanitetsprogrammer med prioritet af hgj-risiko
omrader, eksempelvis omraderne omkring de store afrikanske sger. Det er ogsa ngdvendigt at gge
investeringerne i mere preecise og holistiske rapporteringer af kolera, sa der kan genereres palidelige data
at agere pa. Det er vigtigt at understrege, at de genetiske fingeraftryk af kolerabakterierne, som forarsager
udbrud i Tanzania og dets nabolande enstemmigt viser, at de samme kloner af kolerabakterier spredes pa
tveers af landegrenser, hvilket understreger ngdvendigheden af en koordineret kontrolindsats mellem
lande i hele omradet omkring de store afrikanske sger. Desuden ber tilstedevaerelsen af miljgreservoirer
(som fisk og planteplankton) for V. cholerae, der favoriserer genopblussen af patogene mellem udbrud i
Tanzania, tages i betragtning, nar 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 is&r den hgje infektigse dosis, der kraeves for at
forarsage sygdom ggr, at en kontinuerlige transmission i og mellem mennesker alene ikke er muligt. V.

cholerae O1 overlevelse og transmission er saledes afhangig af et miljgreservoir.
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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, 11 and 1I1) 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 | were more geographically dispersed globally but
were replaced in the early 90s by wave Il outbreaks, which seemed to be more geographically restricted
to mostly Asia. Meanwhile, wave 11l 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.

it
\ 2003-07

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, 2018Db). 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 0139
seemed to have been reported only in Asian epidemics (Chun et al., 2009; Faruque et al., 2003), the non-
0O1/non-0139 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 GMy
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 |
and Il (VSPI and VSPII), TCP, Vibrio Pathogenicity Islands (\VPI-11) 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.
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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 EI 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 EI 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, Il and 11l based on their genotypes with the wave 111 sub-divided into early and current wave I

(Mutreja et al., 2011).
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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 Pandemic ctxB genotype
occurrence

8/c-01, Classical biotype 1817 — 1923 First six pandemics ctxB1

Vc-01, pre-seventh pandemic El Tor 1923 — 1961 Pandemic free period ctxB1, ctxB2

Vc-01, El Tor Wave | (El Tor) 1961 — 2000s Seventh pandemic ctxB3

Vc-0139 90s — Present Seventh pandemic ctxB3, ctxB1l

Vc-01, El Tor Wave ll/early Wave 111 90s — Present Seventh pandemic ctxB1
(atypical El Tor)

Vc-01, El Tor current Wave IlI 2000s — Present  Seventh pandemic ctxB7
(atypical El Tor/ Haitian variant)

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 (Hugq 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-01/non0139 strains can in some cases acquire the CTX phage in the aquatic environment and
convert to the toxigenic stage (Farugque 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 lIzhaki, 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 naive 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.
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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- Nifio 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- Nifio 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 (Huqg 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 EI- Nifio 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 EI- Nifio
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
etal., 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 (Farugue 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; Treerup 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

37



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; MLV A, 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 EI 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 Pr-1age 'prlng

1959 Biotyping

1986 Ribotyping

1990 PFGE, RAPD

1995 AFLP
Seventh pandemic 199 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
etal., 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.
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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).
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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
Ol 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 x 107 cfu/mL of V. cholerae O1 Classical, El Tor wild type, El Tor AtoxT 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
Cholera cases and deaths (2007-2017) Descriptive statistics
Total water area in a region (km?) 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
Study 1 Proportion of regions having sea border (%) Poisson regression for risk factors analysis

(Manuscript A)

Proportion of regions with international border

(%)

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

Estimation of incidence rate ratios (IRR)

Study 2
(Manuscript B)

Water samples from Lake Victoria
Phytoplankton samples
Fish samples (Rastrineobola argentea)

pH, temperature, salinity, dissolved oxygen
measurements in Lake Victoria

Enrichment of samples in alkaline peptone
water

Bacteriological culture for identification of
V. cholerae

DNA extraction from both cultured isolates
and enriched samples

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)

Public V. cholerae genomes originating from
Tanzania in Genbank and ENA (1993-2015)

Environmental V. cholerae genomes from Study 2

Culture, confirmatory PCR and
antimicrobial susceptibility testing
DNA extraction from cultured isolates

WGS and bioinformatics analysis

Study 4
(Manuscript D)

Farmed Tilapia (Oreocrhomis niloticus)

V. cholerae strains 0395, E7946, JW612 and V.

cholerae non-O1

Intestinal V. cholerae counts and counts from

aquaria water

Optical density measurements of aquarium water

Aquaria experiment with exposure of fish

to V. cholerae strains

Colonization experiments for 14 days with
repetition for each strain

Cohabitation experiments with repetitions

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 (Al-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 | 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 EI 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 11 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 |1l 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 102 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 10° cfu/ml and intestinal counts went from 10° to 10? cfu/intestine with and without feeding. The
tested V. cholerae strains were transmitted from infected to naive 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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Abstract

Objective: We described the dynamics of cholera inTanzania between 2007 and 2017 and assessed the weaknesses
of the current surveillance system in providing necessary data in achieving the global roadmap to 2030 for cholera
control.

Results: The Poisson-based spatial scan identified cholera hotspots in mainland Tanzania. A zero-inflated Poisson
regression investigated the relationship between the incidence of cholera and available demographic, socio-eco-
nomic and climatic exposure variables. Four cholera hotspots were detected covering 17 regions, home to 28 million
people, including the central regions and those surrounding the Lakes Victoria, Tanganyika and Nyaza. The risk of
experiencing cholera in these regions was up to 2.9 times higher than elsewhere in the country. Regression analy-
ses revealed that every 100 km of water perimeter in a region increased the cholera incidence by 1.5%. Due to the
compilation of surveillance data at regional level rather than at district, we were unable to reliably identify any other
significant risk factors and specific hotspots. Cholera high-risk populations in Tanzania include those living near lakes
and central regions. Successful surveillance require disaggregated data available weekly and at district levels in order

to serve as data for action to support the roadmap for cholera control.
Keywords: Cholera, Tanzania, Spatial-temporal analysis, Great Lakes, Cholera dynamics
L

Introduction

Half of all cholera reported cases from Africa between
1970 and 2011 were notified by seven countries, includ-
ing Tanzania, which has remained one of the top cholera
reporting countries until 2018 [1, 2]. Since the seventh
cholera pandemic reached the country in 1974, Tanzania
reports outbreaks almost every year and has notified over
250,000 cases and 13,078 deaths by 2018 [1, 3].

In 2017, the global task force on cholera control estab-
lished a roadmap to 2030 for elimination of cholera with
Tanzania being one of the 48 targeted endemic countries
[4]. The strategies recommended by the task force include
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rigorous surveillance for early detection and response
with emphasis on cholera high-risk populations at local
levels for optimal interventions [4, 5]. Therefore, prior-
itizing high-risk areas in endemic countries can increase
the efficiency of cholera control programs because only
detailed analysis of local data in each country can pro-
vide better understanding of local cholera dynamics for
effective control [1]. Successful identification of high-risk
areas, however depends on robust surveillance, which
is difficult to achieve in many countries including Tan-
zania due to the stigma related to cholera reporting and
associated economic losses in the tourism sector lead-
ing to inaccurate reporting in many countries [5]. Nev-
ertheless, a number of spatio-temporal studies have
been conducted with surveillance data in Uganda, in the
Democratic Republic of Congo (DRC), in India and on
Zanzibar islands to contribute with scientific knowledge
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enabling these countries to get rid of epidemic cholera by
2030 [6-10].

In the present study, we analyzed 11 years of available
cholera surveillance data between 2007 and 2017 from
all regions of mainland Tanzania. Together with geo-
graphical, climatic and socio-demographic data, hotspots
identification and risk factors analyses were performed
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 elimination of cholera in the country.

Main text

Methods

Data collection

Retrospective data of cholera cases and deaths com-
piled at regional levels from 2007 to 2017 were obtained
from the Epidemiology and Disease Control Section of
the Tanzanian Ministry of Health. Data included in this
study are those reported based on the WHO standards
for cholera case definition and are described as follows:

(i) Patient aged 5 years or more with severe dehydra-
tion and acute watery diarrhea or individual who
died from the same symptoms in an area without a
confirmed outbreak;

(ii) A patient aged 2 years or above having acute
watery diarrhea, with or without vomiting in an
area where there is an ongoing cholera epidemic;

(iii) Confirmation of Vibrio cholerae Ol isolated in the
stool of suspected patients.

Population data for the country’s 25 regions (Additional
file 1) were extracted from the latest 2012 Population and
Housing Census report from the National Bureau of Sta-
tistics [11]. Using the inter-censual growth rate of each
region, annual population in each region was calculated
to estimate the population at risk per year in each region.
Proportion of households with access to improved drink-
ing water and households with access to improved toilets
were retrieved and included in the analysis. For indica-
tors of socioeconomic status, proportion of households
possessing mobile phone and television during the cen-
sus was used (Additional file 1).

Rainfall data were obtained from the Tanzanian Mete-
orological Agency, where annual rainfall data in millim-
eter was obtained per region for each of the 11 years.

Country shape files were obtained from the National
Bureau of Statistics [11]. GIS data of the water areas were
obtained online from diva-GIS website [12]. All shape
files were analyzed in quantum GIS version 2.18, Las Pal-
maras (https://qgis.org/en/site/) for validity. In QGIS,
regional and waterbodies polygons were joined using
the Union vector to determine two new variables: total
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water area and water perimeter found in each region and
included in the analysis (Additional file 1).

Data analyses

Identification of high risk clusters (hotspots) were per-
formed using SaTScan v 9.6 (https://www.satscan.org/)
with the Poisson-based spatial scan. The centroid coor-
dinates of each region was detected from the regional
shape-file using QGIS 2.18. These coordinates were used
as the geographic references of the regions. In the Pois-
son model, the expected cholera cases in each part of
the regions are assumed proportional to the population
size of the region. The model detected clusters in a mul-
tidimensional point process and allowed variable window
sizes to scan for cholera cases within the region. Variable
window size was used, because a prior estimation of the
size of the area covered by a cluster was not known. A
circular scan window was selected, which moved over
the entire region with a radius that varied from zero to
25% of the population at risk. The clusters covered areas
with lower rates outside a circular scan window com-
pared with higher rates inside the circle. The likelihood
ratio for a specific window was determined as previ-
ously described [6, 8]. The output files were displayed in
Google Map.

Poisson regression was used for the analyses of poten-
tial risk factors for cholera. In this model, the total num-
ber of cases (2007 to 2017) reported at the regional level
was the dependent variable, exposure variables were
obtained from the 2012 census as well as parameters
from the geographical analysis (Fig. 1a). The logarithm
to the population was included as an offset variable and
thereby the analysis represents a log-linear model of the
incidence. We used a zero-inflated Poisson regression for
the analysis of the relation between rainfall in the year
before reporting and the number of reported cases. In
both models, we applied robust standard errors. In the
analysis of the relation between rainfall and number of
reported cases, we adjusted the standard error for the 25
regions because it was assumed that there is less variance
within a region than between regions. The log to the esti-
mated yearly population was included as offset variable.
Stata version 14 was used for the regression models.

Results and discussion

From 2007 to 2017, mainland Tanzania reported 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 people. A similar analysis of 10 years data from
the DRC revealed a higher number of cases and case
fatality rates of 1.9% [9]. DRC is the country report-
ing the most cholera cases in Africa and for many years
have been a devastated country because of wars and
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Fig.1 a Poisson regression of determinants for cholera reporting in Tanzania based on regional data. b Number of cholera cases (bars) and case
fatality rates (line) per year in mainland Tanzania. Mumbers of affected regions are shown on top of each bar

population displacement associated with higher risks
for cholera [9]. However, the relatively lower incidence
in Tanzania could be attributed to the fact that report-
ing cholera has negative impacts on tourism and exports
of affected countries, leading to underreporting [5]. In
2016, 23 of the 25 regions in Tanzania reported cholera
but most cases (8821) were reported in 2015 (Fig. 1b).
The highest case fatality rate was recorded in 2013 (6.3%)
when only 270 cases were reported countrywide. It is
likely that initial cases in an outbreak experience ele-
vated case-fatality, whereas the official recognition of an
outbreak leads to improved management and increased
case-finding thereby identifying milder cases as well.
At regional level, Shinyanga had the highest case fatal-
ity rate in the study period (7%) while Dodoma reported
the highest number of cases (5988), although 94.1% of
these cases were recorded exclusively between 2015 and
2017 where the countrywide incidence reached 14.2 per
100,000 people (Fig. 1b). Every region except Kagera,
reported cholera at least once during the 11 years. Fifteen
regions reported cholera in at least six of the 11 years and
can be considered cholera endemic regions [6, 8].

Spatial analyses revealed four high-risk areas of differ-
ent sizes (Fig. 2a). Seventeen regions had their centroids
within the identified hotspots. The risk of having cholera
in these regions was up to 2.89 times higher compared
to elsewhere in the country (p<0.0001, Fig. 2b). The hot-
spot with highest risk of cholera was Dodoma region,

including its neighboring regions where high magnitude
outbreaks were recorded after 2015. This corroborates
the role of urbanization and population displacements
in cholera dynamics [13-15]. The increasing number of
outbreaks in 2015-2017 in Dodoma coincides with the
time where the Tanzanian government moved offices to
Dodoma as the capital city of the country. This was asso-
ciated with significant movement of government employ-
ees and affiliated business from Dar es Salaam, but also a
number of people working with the construction of new
government office buildings [16].

Approximately 28 million people live in the regions
found in the hotspots based on the 2012 census. Three of
the four hotspots were around major lakes in the country
mainly Lake Victoria, Tanganyika and Nyasa. Living near
a lake was also reported in Uganda, the DRC and else-
where as a factor associated with increased cholera inci-
dence [8, 17, 18].

According to existing literature, Dar es Salaam is one
of the endemic cities experiencing cholera outbreaks in
Tanzania [19]. This city was however not identified in our
analysis as part of the hotspot areas. Such a discrepancy
reveal one of the limitations of the data and weaknesses
of the existing surveillance system in which cholera
reports were aggregated at regional level rather than at
district level. The observed clusters should therefore be
treated with caution. Reliable disease hotspot identifica-
tion cannot be effective when surveillance and risk factor
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data are not available from the smallest geographical
structures in affected countries [6, 8]. Reliability of data
also includes consistency in case definitions because only
a small proportion of suspected cases are laboratory con-
firmed and may bias identification of priority areas where
interventions are needed [5].

Compared to previous studies in the DRC, Uganda,
India and Zanzibar [6-9] which had cholera data and
exposure variables from districts, the available regional
data in Tanzania were not able to detect many risk fac-
tors investigated against the incidence of cholera. The
rainfall pattern, both before and during the year of epi-
demics did not significantly affect the cholera incidence
in mainland Tanzania based on currently available data
(p=0.07; 0.14, respectively, Additional file 1). This
could mean that in reality there is no positive correla-
tion between rainfall and risk for cholera in mainland

Tanzania. Nevertheless, cholera is normally expected to
have a seasonal pattern as is the case in Zanzibar and
elsewhere [7, 20, 21]. Only water perimeter in a region
was significantly associated with incidence of cholera
with a 1.5% increase in incidence for 100 km increase
in water perimeter (IRR 1.015; 95% CI 1.001 to 1.030;
p=0.042, Fig. 3). This correlates findings of the hot-
spots analyses where three significant clusters covered
regions around the Great Lakes. Living near water bod-
ies mainly great Lakes seems therefore a significant risk
factor for cholera which has also been documented
globally [22]. Recent findings in Tanzania where V.
cholerae O1 isolated from Lake Victoria were phyloge-
netically identical to those causing cholera outbreaks in
the African Great Lakes region further illustrates the
association between Lakes and cholera [23].
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The occurrence of toxigenic Vibrio cholerae O1 during a non- outbreak period in
Lake Victoria was studied and genetic characteristics for environmental persistence
and relatedness to pandemic strains were assessed. We analyzed 360 samples of
carps, phytoplankton and water collected in 2017 during dry and rainy seasons in
the Tanzanian basin of Lake Victoria. Samples were tested using PCR (ompW and
ctxA) with DNA extracted from bacterial isolates and samples enriched in alkaline
peptone water. Isolates were screened with polyvalent antiserum O1 followed by
antimicrobial susceptibility testing. Whole genome sequencing and bioinformatics
tools were employed to investigate the genomic characteristics of the isolates. More
V. cholerae positive samples were recovered by PCR when DNA was obtained from
anriched samples than from isolates (62.0% vs. 21.3%, p < 0.05), irrespectively of
season. We identified ten V. cholerae O1 among 22 cixA-positive isolates. Further
studies are needed to serotype the remaining citxA-positive non-01 strains. Sequenced
strains belonged to El Tor atypical biotype of V. cholerae O1 of MLST ST69
harboring the seventh pandemic gene. Major virulence genes, cixA, cixB, zot, ace,
fcpA, hivA, rbdd, ompU, toxR, T6SS, alsD, makA and pathogenicity islands VPI-
1, VPI-2, VSP-1, and VSP-2 were found in all strains. The strains contained Vibric
polysaccharide biosynthesis enzymes, the mshA gene and two-component response
regulator proteins involved in stress response and autoinducers for quorum sensing and
biofilm formation. They carried the SXT integrative conjugative element with phenotypic
and genotypic resistance to aminoglycoside, sulfamethoxazole, trimethoprim, phenicol,
and quinolones. Strains contained a multidrug effux pump component and were
resistant to toxic compounds with copper homeostasis and cobalt-zinc-cadmium
resistance proteins. The environmental strains belonged to the third wave of the seventh
pandemic and most are genetically closely related to recent outbreak strains from
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Tanzania, Kenya, and Uganda with as low as three SNPs difference. Some strains have
persisted longer in the environment and were more related to older outbreak strains in
the region. V. choferae O1 of outbreak potential seem to persist in Lake Victoria through
interactions with fish and phytoplankton supported by the optimum water parameters
and intrinsic genetic features enhancing survival in the aquatic environment.

Keywaords: Vibrio cholerae, genomics, aquatic reservoirs, African Great Lakes, microbial ecology

INTRODUCTION

Vibrio chelerae, the causative agent of cholera, is one of the oldest
pathogens known to cause disease in humans, yet there is still
much to be learned regarding its transmission and evolution.
Although the majority of the world$ cholera cases occur in
Africa, there has been limited research on the occurrence of
toxigenic V. cholerae O1 in aquatic environments in countries
like Tanzania located around the African Great Lakes (Dalusi
et al., 2015a; Hounmanou et al, 2016; Bwire et al.,, 2018a).
Knowledge on occurrence and transmission in and around the
lakes are important when establishing preventive and control
measures of epidemic cholera, which often affects countries
situated around the lakes. Moreover, V. cholerae is ubiquitous
in aquatic environments and phytoplankton and fish have been
reported as potential reservoirs, e.g., in Tanzania (Haque et al,
2012; Rabia et al,, 2017; Hossain et al,, 2018a; Nyambuli et al,
2018). The tropical waters of Lake Victoria and Lake Tanganyika
are likely natural habitats for the El Tor variant of V. chelerae O1
(Echenberg, 2011).

The incidence of cholera in countries around the Great Lakes
varies by season, rainfall, plankton blooms, and level of fishing
activities (Nkoko et al., 2011). V. cholerae O1 resistant to common
antimicrobials have been isolated in fish and water from the
Kenyan side of Lake Victoria (Onyuka et al, 2011). A study
in Lake Tanganyika indicated a strong correlation between
planktonic blooms, fish abundance and cholera (Plisnier et al,
2015). A recent study in Uganda has also identified V. cholerae
Ol in Lake Victoria although the strains were non-toxigenic
(Bwire et al.,, 2018a).

Tanzania has consistently been affected by cholera since 1974
and outbreaks continue to re-occur in various towns, especially in
the coastal and Great Lakes regions (Urassa et al., 2009; Reyburn
et al, 2011). Since the 7th pandemic reached the country in
1974, cholera has affected more than 230,596 people causing
17,714 deaths, most of which lived in lake zones (Mengel et al,
2014). Despite suggestions of genetic similarity and clonality
of environmental and clinical V. cholerae strains (Dalusi et al,,
2015b), recent studies have revealed different clonal complexes
based on MLVA typing among strains implicated in cholera
outbreaks in Tanzania (Kachwamba et al, 2017). Analyses of
cholera outbreak strains from Uganda and Mozambique however
showed a high level of similarity among strains suggesting a
clonal transmission in East African countries (Garrine et al,
2017; Bwire et al,, 2018b) probably facilitated by the lakes they
share. Thus, there is a need to determine the relatedness of
environmental and clinical isolates of V. cholerae and the role of
the aquatic lake environments as reservoirs for the pathogen.

Furthermore, V. cholerae has evolved through the emergence
of multidrug resistant strains with the acquisition of the
SXT integrative conjugative elements (Hendriksen et al,, 2011;
Spagnoletti et al., 2014; Kaas et al, 2016) and transfer of the
cholera toxin gene through phages (Waldor and Mekalanos,
1996). The emergence of the El Tor variant biotype carrying
the ctxB1 gene of the Classical biotype and V. cholerae O1
carrying the ctxB7 gene of the Haitian strain is another example of
evolution of V. cholerae and stress the importance of a continuous
monitoring of the genetic characteristics of environmental
V. cholerae (Ghosh-Banerjee et al., 2010; Kim et al,, 2014).

The aim of this study was to investigate the occurrence
of toxigenic V. cholerae Ol during a non-cholera outbreak
period in Lake Victoria and determine the genetic characteristics
that support environmental persistence and genetic relatedness
to pandemic strains. Whole genome sequencing (WGS) and
bioinformatics analysis coupled with environmental surveillance
data were applied to determine the occurrence and outbreak
potential of V. cholerae O1 in Lake Victoria, The data generated
add to our understanding on aquatic reservoirs of toxigenic
V. cholerae O1 in Lake Victoria.

MATERIALS AND METHODS

Sampling Area and Sample Collection

During the dry season of June to September 2017 and the
rainy season of October to December 2017, 360 samples of
lake water, carps (Rastrineobola argentea) and phytoplankton
were collected from seven landing sites in the Mwanza Gulf
of the Tanzanian basin of Lake Victoria (Figure 1). These
included 120 water samples (60 offshore and 60 collected near
the lakeshore), 120 carp samples and 120 phytoplankton samples
(vertical and horizontal sampling as described below). Samples
were collected during both seasons (180 samples in the dry
season and 180 samples in the rainy season). Sampling sites were
Shadi, Kijiweni and Mkuyuni in Mwanza South and Igombe,
Mihama, Bwiru and Kayenze in Mwanza North. Mwanza is
located in the Lake Victoria basin between the latitude —2°
31’ 0.01” S and the longitude 32° 53’ 60.00” E (Figure 1).
Samples of fresh carp (about 200 g per sample, consisting of
about 200 individual fish) were purchased from local fishermen
immediately after landing at the beach and placed in sterile
labeled plastic bags which were transported to the National
Fish Quality Control Laboratory (NFQCL) in Mwanza in an
insulated box with cooling elements and processed within
4 h of collection.
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FIGURE 1| Sampling points in Lake Victoria, Mwanza, Tanzania.
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Surface water samples were collected both onshore and
offshore (at least 200 m away from the nearest shore) and were
collected in 250 ml sterile glass bottles and transported as shown
above for carp samples.

Approximately 100 ml of phytoplankton samples were
collected by boat with a phytoplankton towing net of 13-pm
mesh size. To maximize chances of recovering V. cholerae from
the Lake, phytoplankton samples were obtained from the water
surface (horizontal sampling) and from beneath to top (vertical
sampling} in order not to miss species/taxa that do not float
on the surface water which could harbor V. chelerae of interest.
For horizontal samples, the net was set right below the surface
of the water after which the boat moved about 50 m. The net
was then raised and the phytoplankton sample collected. Vertical
samples were collected at a minimum depth of 5 m (up to 10 m
depending on the depth offshore) where the net was submerged
with a lead to collect the phytoplankton sample by a movement
from bottom to top.

In the field, water temperature, pH, electrical conductivity,
total dissolved solids and dissolved oxygen were measured
using a portable multi-parameter meter (Hengkaituo,
Guangdong, China).

Sample Preparation and Laboratory
Analysis

Fresh carp samples (25 g consisting of about 20-30 individual
carps) were homogenized in a stomacher bag containing
225 ml of alkaline peptone water, pH: 8.5 (APW) (Oxoid
Ltd., Hampshire, United Kingdom). The homogenized samples
contained carps with all body parts (skin, gills, intestines, flesh
etc.). Hundred mL of water samples were filtered through a

0.45 pm pore diameter membrane (Millipore, Bedford, MA,
United States) which was directly transferred into 225 mL
APW; then the bottle was shaken vigorously before incubation.
Similarly, phytoplankton was concentrated on a 045 pm
pore diameter membrane filter paper (Millipore, Bedford, MA,
United States) which was transferred into 225 mL APW. Samples
in APW were enriched at 37°C for 6 h. Each sample was then
analyzed as described below by a culture-based procedure and by
PCR of DNA extracted from enriched APW samples.

After enrichment in APW, samples were streaked onto
thiosulfate-citrate-bile salts-sucrose agar (TCBS) plates (Oxoid
Ltd) and incubated at 37°C for 18-24 h. Characteristic dark
yellow colonies with about 2 mm diameter were selected,
purified and subsequently characterized by biochemical tests for
identification of V. cholerae (Hounmanou et al, 2016). Pure
cultures of presumptive V. cholerae colonies were then subjected
to DNA extraction. DNA was extracted from boiled lysates
of isolates and subjected to PCR for detection of the outer
membrane protein gene (ompW) generating a 588 bp amplicon
confirming them as V. cholerae (Dalusi et al, 2015a). Isolates
confirmed as V. cholerae were subjected to agglutination with
polyvalent V. cholerae O1 antiserum (Bio-Rad, France) and were
tested for toxigenicity by PCR targeting the cholera enterotoxin
subunit A gene (ctxA) along with the ompW primers in a
multiplex reaction.

Antimicrobial Susceptibility Testing

Strains confirmed as toxigenic V. cholerae O1 were subjected
to antimicrobial susceptibility testing by the Kirby-Bauer disk
diffusion method with Escherichia coli ATCC 22925 included
for quality control. Twelve different antimicrobial disks (Oxoid
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Ltd) were used and results interpreted according to the
Clinical and Laboratory Standards Institute (CLSI) guidelines
(CLSI, 2017). Antimicrobials tested included: streptomycin
(10 pg), gentamicin (30 pg), ampicillin (10 pg), nalidixic
acid (30 pg), ciprofloxacin (5 pg), trimethoprim (5 pg),
ceftazidime (30 pg), tetracycline (30 pg), chloramphenicol
(30 pug), amoxicillin-clavulanice acid (30 pg), cefotaxime (30 pg),
and sulfamethoxazole (25 pg).

Detection of Toxigenic V. cholerae by

PCR From Enriched Samples
About 10 ml aliquots of APW enriched samples were stored
at —20°C until analysis. Total DNA was extracted using a
Zymo DNA extraction Kit (The Epigenetics Company, CA,
United States) following the manufacturer’s protocol. DNA was
extracted from 200 randomly selected samples of the 360 samples
enriched in APW. A multiplex PCR was performed to target the
588-bp region of the ompW gene (V. cholerae species specific)
and a 301-bp region of the subunit A of the cholera enterotoxin
gene (ctxA). Samples that generated only one band (588 bp)
were V. cholerae whereas samples showing both bands (588 and
301 bp) were concluded toxigenic V. cholerae ctxA-positive.
Primers used and PCR conditions were as previously
described (Nandi et al, 2000; Dalusi et al,, 2015a) with a
modification of the annealing temperature which was set at
55.6°C during optimization.

Plankton Diversity

Immediately after sampling in dark bottles, 250 mL
phytoplankton samples were fixed with five mL Lugol’s solution
and 10% formalin and then transported to the Water Quality
Laboratory of the Lake Zone in Mwanza. Using an inverted
microscope at resolutions of 40 x 10 and 10 x 10 and following
standards keys (Verlecar and Desai, 2004}, two ml of fixed
sample was used by a trained taxonomist to identify taxons and
species groups of phytoplankton present in the water samples.

Statistical Analysis

Proportions of positive V. chelerae samples from the culture-
based method and PCR of DNA extracted from APW enriched
samples were compared using chi-square in Epi-Info software
version 7.2' ata probability of 0.05. Seasonal differences were also
tested. Using the statistical software R v3.5.1° logistic regression
was performed to estimate the effect of water temperature, pH,
conductivity, dissolved oxygen, and total dissolved solids on the
occurrence of ctxA-positive V. cholerae between sampling points.

DNA Extraction and Whole Genome
Sequencing (WGS)

Eight of the ten ctxA-positive V. cholerae O1 recovered from
fish, phytoplankton and water and two ctxA-positive non-O1
V. cholerae from phytoplankton and fish (Planktonl, Waterl)
were selected for WGS analysis. DNA was extracted using the

'hitps:/fwww.cde.govfepiinfo/index.html
https://cran.r-projectorg/

automated Maxwell DNA extraction system (Promega Maxwell
RSC, Madison, WI, United States) and the Maxwell DNA
extraction and purification kit. Prior to extraction, samples
were treated with Proteinase K (Sigma-Aldrich, St. Louis, MO,
United States) at 56°C for 1 h followed by 10 min RNase
(Sigma-Aldrich} treatment at room temperature, Concentrations
of the extracted DNA were determined using a Qubit dsDNA
HS assay kit (Invitrogen, United States). The DNA was run in
1% agarose gel to check for quality followed by the preparation
for Mlumina paired-end WGS using Ilumina Miseq (Ilumina,
Inc., San Diego, CA, United States) according to the procedures
previously described (Kaas et al, 2016). Raw sequences are
submitted to the European Nucleotide Archive under the project
number PRJEB30604 with the accession numbers of each sample
indicated in Supplementary Table S1.

In silico Serogroup Typing, Multi-Locus
Sequence Typing, Determination of
Major Virulence Genes, Pathogenicity
Islands and Phage Susceptibility

The raw paired-end reads were assembled using SPAdes
assembler (Bankevich et al., 2012) available online®. Assembled
sequences were analyzed in the batch upload pipeline of the
CGE platform*as previously described (Thomsen et al., 2016},
where KmerFinder 2.1 identified the species and possible
contaminations. The species V. cholerae was further confirmed
based on the species-specific ornpW gene using MyDbFinder 1.2
tool (Siriphap et al., 2017} with a threshold set at 98% identity.
This revealed the closest genome to the analyzed sequences as
V. cholerae 2010EL-1786 (Reimer et al.,, 2011}, Moreover, the
sequences were further analyzed using MyDbFinder 1.2 tool
with default options to identify known virulence genes and
pathogenicity islands (Supplementary Table §1). This included
the identification of V. cholerae serogroup-specific genes (rfbV-
Ol, wbfZ-0139), biotypes-specific genes (ctxB, rstR, fcpA),
putative virulence genes (including ctxA), and VC2346 specific
for the 7th pandemic V. cholerae using a threshold of 98% identity
(Kaas et al,, 2016; Siriphap et al,, 2017). MyDbFinder coupled
with nucleotides BLAST were used to genotype the strains based
on the ctxB of the CTX prophage that they carried. This helps
to identify the wave of the seventh pandemic that the strains
belonged to using ctxBl1, ctxB3, and ctxB7 sequences (Naha
et al,, 2012; Kaas et al., 2016; Rashid et al., 2016). Detection
of genomic islands of V. cholerae mainly VPI-1, VPI-2, VSP-
1, VSP-2, was also carried out in silico. Moreover, makA, alsA
and Type VI secretion system (T6SS) genes were searched.
The CTX prophage genomic region containing the core region
and RS1 was also assessed in the samples. Detection of the
PICI like elements, i.e, PLE]1 and PLE2, responsible for phage
susceptibility in V. cholerae was performed using MyDbFinder
1.2. The MLST 2.0 tool reached through the batch upload pipeline
analyzed the sequence types (ST} of the V. cholerae strains in
order to establish genetic relatedness with known STs that have

*https:ficge.cbs.dtu.dk/services/SPAdes/
“https://cge.cbs.dtu.dk/services/cge/
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been implicated in cholera outbreak. The analysis was based
on the seven housekeeping genes: adk, gyrB, metE, mdh, pntA,
purM, and pyrC (Kaas et al., 2016). Moreover, a ribosomal multi-
locus sequence typing which is a more discriminative MLST
typing method based on variations of the 53 genes encoding
the bacterial ribosome protein subunits (rps genes) was used
to investigate differences among the environmental strains as
previously described (Jolley et al,, 2012).

Identification of Antimicrobial
Resistance Genes, SXT Element, Class 1

Integron and Plasmids Typing

In the batch upload pipeline (Thomsen et al., 2016), ResFinder
3.0 assessed acquired antimicrobial resistance (AMR) genes in the
assembled sequences. In ResFinder with default options, we also
searched for beta-lactam resistance genes including blaVCC-1,
a carbapenamase gene that is emerging in environmental
V. cholerae as recently reported in strains from Canada and
Germany (Mangat et al,, 2016; Hammerl et al,, 2017).

Detection of AMR genotype was further strengthened with
the search for mobile genetic elements using MyDbFinder 1.2
(Larsen et al, 2012) for the detection of the SXT integrative
conjugative element, the different classes of integrons, and
the presence of mutations in the DNA gyrase (gyrA gene)
and in the DNA topoisomerase IV (parC gene) (Siriphap
et al, 2017). MyDbFinder 1.2 was used to compare sample
sequences with the integrating conjugative elements (ICE)
of V. cholerae O1 ICEVchHail (JN648379) and of SXTMOI10
(AY034138) at a threshold of 98% identity. Due to high levels
of mutations in the SXT element (Wang et al, 2016) the
threshold for detection of #tSXT was set at 95% for % ID of
40% minimum length.

The search for plasmids was done in three steps. The
PlasmidFinder 1.3 tool of the batch upload pipeline in CGE
(Thomsen et al, 2016} was used to search for plasmid
replicons. Due to the limitation of PlasmidFinder, which detects
only replicons that are available in the CGE database, we
conducted another specific search. This second step used
MyDbFinder 1.2, where a local search was performed between
our samples’ genomes and sequences of representative IncA/C
plasmids (known for carrying multidrug resistance genes in
V. cholerae) available from the Genbank (Accession numbers:
KY399978, KM083064, KF551948, CP007636, CP033514, and
KJ817377) (Carraro et al,, 2014; Folster et al., 2014; Wang
et al, 2018). This step also involved two cryptic plasmids
recently isolated in V. cholerae strains (Acc. KY486774 and
KY486775) (Ceccarelli et al., 2017). In the third step, we used
Blast atlas in GView® where genomes were analyzed against
reference plasmids.

Moreover, the genome sequences were annotated in RAST
v.2.0 (Brettin et al., 2015) and each annotated file was analyzed
through the SEED viewer (Overbeek et al., 2014) for subsystem
categorization of the genetic elements involved in survival and
persistence in the aquatic environment.

Shitps://server.gview.ca/

Single Nucleotide Polymorphism-Based
Phylogenetic Analyses

To further identify evolution and genetic similarities within and
between the environmental V. cholerae isolates as compared to
cholera outbreak strains, assembled genomes were analyzed using
CSIPhylogeny version 1.4 with default options (Kaas et al,, 2014},
where high quality SNPs of the environmental genomes were
identified. Sequences of V. cholerae from Uganda and Kenya
that have borders to Lake Victoria as well as previous outbreak
strains from Tanzania were obtained from the GenBank and
compared with our environmental strains to determine genome
wide SNPs. Additionally, V. cholerae O1 outbreak strains from
other countries of the African Great Lakes region including the
Democratic Republic of Congo (DRC), Burundi and Rwanda but
also from Zambia were included in the tree to access the spatial-
temporal phylogenetic evolution of the environmental strains.
Accession numbers of strains used in the SNP tree are reported
in Supplementary Table S2. This generated a regional and
time-scale phylogenetic tree showing the genetic relatedness and
evolution between the environmental non-outbreak V. cholerae
Ol strains and pandemic strains from the African Great Lakes
region. The reference genome of V. cholerae O1 strain N16961
{Biosample SAMNO02603969) was used to root the tree (Kaas
et al, 2016). The Newick files obtained in CSIPhilogeny 1.4 were
downloaded and the final tree was amended in iTOL®.

RESULTS

Detection of V. cholerae in Samples From
Lake Victoria
Using standard bacteriological procedures followed by PCR for
the species-specific gene ompW, 108 isolates were identified as
V. cholerae. These strains were isolated from 77 out of 360
samples (21.4%) analyzed with up to three characteristic colonies
being selected from each TCBS agar plate for confirmation.
However, APW-enriched samples subjected directly to multiplex
PCR yielded 138 DNA samples that were positive for V. cholerae
(ompW) out of the 200 samples selected for analysis (69.0%).
A Chi-square comparison revealed that PCR of DNA extracted
directly after enrichment in APW recovered significantly higher
proportions of V. chelerae-positive samples than identification
of V. cholerae from isolates obtained on TCBS agar plates
(69% vs. 21.4%, p < 0.05). A total of 22 V. cholerae isolates
out of the 108 isolates originally recovered were positive for
the subunit A of the cholera enterotoxin gene (ctxA). Ten of
these strains belonged to serogroup O1 and originated from
phytoplankton (five isolates), carps (three isolates), and water
(two isolates} samples. Phytoplankton collected offshore by the
vertical sampling method yielded all five V. cholerae O1 strains
from this source. Two water samples collected offshore contained
V. cholerae O1 (Table 1).

In DNA extracted from APW enriched samples, 23 samples
contained the ctxA gene in phytoplankton (14), water (6)

Shitps://itol.embl.de/
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TABLE 1 | Detection of toxigenic V. cholerae 01 by culture and PCR.

Sample type Sampling Number of Total cixA-positive Total cixA-positive Total cixA positive
samples samples? 01 samples? samples (APW-PCR)®
Phytoplankton Horizontal method 60 4 0 5
Vertical method 60 ] 5 9
Water Onshore 60 4 o] 4
Offshora 60 3 2 2
Carps Landing sites 120 5 3 3

3Strains isolated on TCBS agar and confirmed by PCR; ® Toxigenic V. cholerae identifiedt by PCR of samplas pre-enriched i alkaline peptone water (APW).

and carps (3). Fifteen of the PCR-positive samples did not
yield any colonies by the culture-based technique. The vertical
phytoplankton sampling method yielded slightly more toxigenic
V. cholerae ctxA-positive samples than the horizontal sampling
method (p > 0.05), which was also the case for samples collected
onshore compared with offshore water samples (Table 1). The
total DNA extracted from samples enriched in APW were
however, not used for further characterization because the quality
of the DNA does now allow for sequencing analysis.

Seasonal Variation of V. cholerae in Lake
Victoria

There was no statistical seasonal difference (p > 0.05) in recovery
of V. cholerae when DNA was obtained from pure cultures
(32.8 vs. 27.2%, dry and rainy seasons, respectively) compared
to when DNA was obtained from APW-enriched samples (71.0
vs. 67.0%). Nevertheless, a statistically higher proportion of
ctxA-positive V. cholerae was obtained in the dry season as
compared to the rainy season for samples analyzed by culture
procedures (p = 0.04).

Physico-Chemical Water Parameters and
Phytoplankton Diversity

The water temperature at the different sampling sites ranged
from 249 to 25.9°C and water pH ranged between 7.5 and
8.5. The electrical conductivity fluctuated between 90 and
150 wS/cm (Supplementary Table §3). None of these parameters
varied significantly between sampling points when they were

regressed on the total toxigenic V. cholerae ctxA-positive samples
(p > 0.05). The analyzed phytoplankton samples contained
45 different taxa belonging to three major phytoplankton
groups including green algae (62.2%), cyanobacteria (31.1%), and
diatoms (6.79%).

Genomic Characterization of the

V. cholerae Strains

We sequenced ten strains including eight of the isolated ctxA-
positive V. cholerae O1 and two ctxA-positive V. cholerae non-
01, which were characterized by analysis of WGS data. Based
on WGS analysis, all the ten sequenced strains including the
two phenotypically non-O1 contained the rfbV-OI gene and
should therefore be regarded as of serogroup O1. Table 2 shows
genomic characteristics of the strains when variations was seen
(see further details in the Supplementary Table S1), whereas
similar characteristics are described in the text below. All strains
belong to the third wave of the seventh pandemic as they are all
atypical El Tor biotype variants of V. cholerae O1, carrying the
ctxB7 genotype of the ctxB gene while possessing the rstR and
tcpA genes of El Tor biotype. The in silico MLST revealed that all
strains belonged to the same sequence type ST69 and harbored
the seventh pandemic-specific gene (VC2346) suggesting that
they belong to the same clonal linage.

The occurrence of virulence-associated genes and
pathogenicity islands among the environmental V. cholerae
was similar in all sequenced strains. This included the major
virulence-associated genes such as ctxA, ctxB, zot, ace, lcpA,

TABLE 2 | Genomic sequence data, vinulence profile and ocourrence of antimicrobial resistance genes in the V. cholerae strains.

Strain ID No. of contigs Genome size (bp) MLST intSXT SXT/R301

Fish1 63 40505002 rST14417 + ICEVchHaid

Fish2 71 4029796 rST78290 + ICEVchHai1 _deF(floR.strA/B,sulz)
Fish3 63 40505002 rST14417 + ICEVehHait

Fishd 71 4029706 r3T78280 + ICEVchHai1_delffleR,strA/B,sul2)
Plankton 127 4009065 rST78277 - Not Found

Plankton2 81 40220914 rST78290 + ICEVchHai1_delffloR,strA/B,sul2)
Plankton3 39 4008427 r8T78280 + ICEVichHai1_delffloR,stravB,sulZ)
Water1 B84 4022791 r8T78280 + ICEVchHai1_delffloR,strAV/B,sul2)
Water2 &6 4048306 r8T14417 + ICEVchHaid

Water3 98 4030711 r8T78290 + ICEVchHai1 _dalifloR,strA/B,sul2)
adel, delations in specified genes.
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hiyA, mshA, rtxA, ompU, and toxR, whereas stn and chxA
genes were absent. Moreover, the strains all contained genes
of the Type VI secretion system, the gene involved in glucose
metabolism, als and the flagella-mediated cytotoxin gene makA.
All strains contained the pathogenicity islands VPI-1, VPI-2,
V8P-1, and VSP-2.

Phenotypic and Genotypic Antimicrobial
Resistance, Mobile Genetic Elements

and Phage Resistance

All ten sequenced V. cholerae strains showed phenotypic
resistance to streptomycin, while eight of them showed
resistance to amoxicillin and clavulanic acid. Phenotypic
resistance to ampicillin and sulfamethoxazole was observed
in 6/10 strains whereas resistance to nalidixic acid and
trimethoprim was observed in three strains. All isolates
were susceptible to gentamicin, ciprofloxacin, ceftazidime,
tetracycline, chloramphenicol and cefotaxime (Figure 2).
Sequence analysis revealed, however, that some genes encoding
resistance to certain antimicrobial classes were present in
strains that are phenotypically susceptible. For instance, all
strains harbored the catBY gene conferring resistance to
chloramphenicol, but were phenotypically susceptible. Similarly,
all strains except the strain Planktonl harbored the dfrAl gene
conferring resistance to trimethoprim, while only three of them
showed phenotypic resistance,

Moreover, all strains except Planktonl contained the SXT
integrative conjugative element (intSXT gene), but they all
lacked specific integrase genes of the class 1 integron (intl
gene). Nevertheless, not all the antimicrobial resistance genes
normally found on the SXT element such as sul2, dfrAl, dfrAlS,
floR, strA, and sirB which are associated with sulfamethoxazole
and trimethoprim, chloramphenicol and streptomycin resistance,
respectively were present in the strains according to MyDbFinder
1.2. Therefore, a Blast Atlas analysis was performed where the
genomes where compared to the reference V., cholerae strain
2010EL-1786. This revealed that except for strains Fish1, Fish3,
and Water2 that were positive for aminoglycoside, phenicol
and sulfonamide resistance genes, the remaining strains showed
nucleotide deletions in their genomes (Figure 3). A more detailed
analysis of the strains that have deletions showed that they
contained fragments of the concerned genes (strA, strB, Sul2,
SfIoR) on the ICE fragment, with about 1100 bp gaps between bp
position 98500-102450 (Figure 3).

Strains Fishl, Fish3, and Water2 showed resistance to
nalidixic acid and contained expected amino acid substitutions
in gyrA (Ser83-Tle) and parC (Ser85Leu), but none of the
ten strains contained the fluoroquinolone resistance gene
gnrVC1. Likewise, none of the ten strains contained beta-lactam
resistance genes including blaVCC-1, a carbapenamase gene.
Nine environmental strains harboring the SXT element had a
genomic organization of the integrating conjugative element
(ICE) similar to that of the V. cholerae ICEVchHail (Reimer et al.,
2011) reference strain with some common deletions seen in loci
VC1786ICE78 for all strains and in VC1786ICE14 for strains
Fishl, Fish3 and Water2. The other six strains had deletions

in loci VC1786ICE6-13, VC1786ICE81, and VC1786ICE83-84
(Supplementary Table §4).

Our strains have no plasmid replicons according to
PlasmidFinder. Moreover, in MyDbFinder and in Blast atlas,
the strains had no copies of the IncA/C plasmid, as well as the
cryptic plasmids pSDH1-2. The 10 strains irrespective of their
biotype lacked the phage susceptibility region of the PICI like
elements (PLE1, PLE2).

Genetic Elements Supporting
Environmental Persistence in Studied

Genomes

All ten analyzed genomes present molecular machinery for
attachment, survival and defense for environmental persistence.
The magnesium and cobalt efflux protein (CorC), the cobalt-
zinc-cadmium resistance protein (CzcD) and the multidrug efflux
pump component (M!rF) were conversed in the defense system
of all the sequenced strains (Figure 4). Moreover, the strains all
possess the mshA gene involved in attachment to chitin, as well as
autoinducers (AI-2 LuxP and LuxQ) involved in quorum sensing
and biofilm formation for environmental survival. A number of
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 (Figure 4).

Phylogenetic Comparison Analysis of the
Environmental V. cholerae O1 and
Cholera Qutbreak Strains in Countries

Surrounding Lake Victoria

Overall, the SNP tree revealed a wide diversity among the
environmental strains with up to 174 SNP differences (found
between strains Planktonl and Plankton3). Strains Fishl and
Fish3, as well as Fish2 and Fish4 were strictly clonal, respectively.
Very close relatedness was also observed between strains Water2,
Fishl, and Fish3 (only four SNPs difference), between Water2,
Fish2, and Fish4 (only five SNPs difference) and between strains
Plankton2, Fish2, and Fish4 (only nine SNPs difference). We
further performed a ribosomal MLST typing (Jolley et al., 2012)
to assess the diversity of the environmental strains and found
little diversity as six of the ten strains belong to the same rMLST
type ST78290. The strain Plankton1, which shows above 100 SNP
differences compared to its pairs, belongs to a separate rMLST
type 78277 whereas strains Fishl, Fish3, and Water2 belong to
rMLST type 14417.

When compared to published genomes of the Genbank,
the environmental V. cholerae O1 strains were found in
three different clusters among the pandemic strains. The
strain Planktonl was distant from all genomes as a singleton
but closer to strains associated with cholera outbreaks in
Tanzania from 1993 and 1997 with 88 to 95 SNPs (Figure 5A
and Supplementary Table $5). Strains Fishl, Fish3, and
Water2, however, formed a separate cluster (29-33 SNPs,
Supplementary Table $6) with a 2013 pandemic strain from
DRC (Figure 5B). This clade also contains older pandemic
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strains from Burundi (2001) and Tanzania (2009). The other
environmental strains were highly related to recent epidemic
strains with less than 22 SNPs difference between our
environmental O1 strains Fish2, Fish4, Plankton2, Plankton3,
Waterl, Water 3 and the V. cholerae O1 strains associated
with cholera outbreaks in Tanzania and Kenya in 2015 and
in Uganda in 2016 (Figure 5C). The strains Fish2 and Fish4
for instance, were highly clonal when compared to the 2015
Tanzanian and Kenyan outbreak strains (only three SNPs
apart; Figure 5C) and the Uganda outbreak strain (nine
SNP differences) (Biosample Accession SAMNO08744331). The
largest difference in SNPs between the environmental and

pandemic V. cholerae O1 strains was 183, found between
strain Planktonl and one strain associated with the Ugandan
cholera outbreak (Biosample Accession: SAMNO08744333). The
pairwise SNP differences among all strains are reported in
Supplementary Table S5.

DISCUSSION

We report the occurrence of toxigenic V. cholerae O1 and non-
Ol in the aquatic environment of the Tanzanian basin of Lake
Victoria during a non-cholera outbreak period. The presence
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of cholera toxin-positive V. cholerae non-O1 in Lake Victoria 0139 needs to be confirmed (Bwire et al., 2018a). Studies have
suggests that the ctxA gene is not limited to only the O1/0139 identified V. cholerae O141and O75 harboring the CTX prophage

serogroups. It should be noted that we did not agglutinate the
non-O1 strains in O139 antiserum. However, V. cholerae 0139 do
not seem to occur in Africa and a recent report on non-toxigenic

including the ctxA gene which have been responsible for cholera-
like outbreaks, e.g., in the United States (Dalsgaard et al., 2001;
Crump et al., 2003; Haley et al,, 2014). Moreover, the occurrence
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of non-O1 toxigenic strains in Lake Victoria underlines that
serotyping beyond O1 and 0139 antisera should be implemented
as the CTX prophage seem to be present in more serogroups than
initially documented (Waldor and Mekalanos, 1996).

The two toxigenic non-O1 V. cholerae sequenced in this study
showed that they were in fact Ol serogroup strains based on
the presence of the rfbV-O1 gene. This discrepancy between
the phenotype and the genotype could be due to changes in
the O antigen expression leading to delayed and non-conclusive
agglutination in these strains during testing. It is unlikely that our
phenotypically non-O1 ctxA-positive strains might be of another
serogroup than O1 since they possess the rfbV-O1 gene but also
belong to the atypical El Tor biotype of serogroup O1.

The most recent cholera outbreak in the study area occurred in
Mwanza in March 2016 (Unpublished report from the Tanzanian
Ministry of Health and Social Welfare). Thus, the current study
was conducted more than a year after the latest reported cholera
outbreak; yet toxigenic V. cholerae Ol strains were recovered
from phytoplankton, fish (carps) and water samples, suggesting
that Lake Victoria is a reservoir of V. cholerae. Isolation of
V. cholerae O1 strains between inter-epidemic periods are
rare (Alam et al, 2006; Faruque and Mekalanos, 2012) partly
because V. cholerse O1 may become dormant, ie., viable-but-
non-culturable (Kamruzzaman et al., 2010; Bari et al., 2013).
Nevertheless, our results are consistent with other findings, which
also detected toxigenic strains of V. cholerae O1 in aquatic
environments during non-cholera outbreak periods (Onyuka
et al., 2011; Dalusi et al, 2015a; Hounmanou et al, 2016).
Furthermore, the sequenced environmental V. cholerae isolates
belong to the seventh cholera pandemic lineage similar to
strains that caused recent epidemics (2015-2016) in countries
surrounding Lake Victoria (Tanzania, Kenya, and Uganda) with
SNPs ranging between 3 and 22 for samples Fish2, Fishd,
Plankton2, Plankton3, Waterl, and Water 3. This very close
genetic relatedness to outbreak strains further substantiates that
such environmental isolates are of cutbreak potential given that
their closest progenitors are epidemic strains. The environmental
V. cholerae Ol isolates are likely of outbreak origin and potential
progenitors of cholera outbreak strains. On the other hand, the
spatial-temporal analysis of our environmental strains revealed
a regional spread and long-term environmental persistence of
pandemic V. cholerae within the African Great Lakes region.
The close genetic relatedness of strain Planktonl to the 1993
and 1997 pandemic strains from Tanzania suggests that this
strain did not emerge from the recent outbreaks like the others
but has probably persisted in the lake for at least 20 years.
Although Planktonl is an atypical El Tor strain whereas the 1993
and 1997 pandemic strains were prototype El Tor, their closer
phylogenetic relatedness compared to the other environmental
and pandemic strains show that this strain most probably
underwent cfxB-mediated mutations throughout the years to
become atypical El Tor (Rashid et al, 2016). Furthermore,
Fish1, Fish3, and Water2 were distant from their environmental
counterparts but closely related to older pandemic strains from
DRC, Tanzania and Burundi. The finding of strains Fishl,
Fish3, and Water2 suggests not only a long-term persistence of
V. cholerae in the lake but also an environmental adaptation

aided by a human-mediated spread between the countries in the
African Great Lakes region enhanced by connecting water bodies.
This phylogenetic heterogeneity of V. cholerae isolated in Lake
Victoria substantiate that the lake serves as reservoir for long-
term persistence of pandemic clones of V. cholerae with a much-
dispersed geographical distribution. Sequence analysis revealed
that the V. cholerae O1 strains possessed all major virulence-
associated genes found in clinical Ol strains, e.g., the cholera
enterotoxin genes, toxin co-regulated pilus, hemolysis genes, as
well as the flagella-mediated toxin gene makA (Aliabad et al,
2012; Castillo et al,, 2018; Dongre et al, 2018). Genes involved
in the T6SS that enables V. cholerae to overcome commensals
and immune cells in the human gut during infection were also
present in our environmental isolates (Unterweger et al., 2014;
Logan et al, 2018). Moreover, the environmental strains were
V. cholerae O1 El Tor variants of the Haitian cfxB7 genotype
and therefore similar to strains implicated in the ongoing third
wave of the seventh pandemic known to cause more severe
disease as compared to the typical El Tor biotype (Ghosh-
Banerjee et al., 2010; Mutreja et al., 2011; Kim et al., 2014). The
El Tor biotype variants of V. cholerge O1 are proposed to be
common in the African Great Lakes region with potential to
cause cholera outbreaks (Echenberg, 2011). Our study provides
evidence that cholera outbreak isolates may persist in the aquatic
environment during non-outbreak periods. This may explain
why clonal isolates are found to cause different outbreaks many
years apart, .., as seen in Mozambique (Garrine et al., 2017).
Vibrio cholerae of sequence type ST69 belonging to the third
wave of the seventh cholera pandemic are the ones responsible
for most cholera outbreaks worldwide (Mutreja et al, 2011;
Kachwamba et al., 2017; Weill et al., 2017). The presences of
the pathogenicity islands VPI-1, VPI-2, V5P-1, and VSP-2 in
the strains further confirm their outbreak potential. Our strains
clustered in two major ribosomal MLST types mainly rMLST
78290 and 14417, which are identical to tMLST types of cholera
outbreaks strains in the region (Mutreja et al,, 2011; Kachwamba
et al, 2017). We observed that strains of rMLST type 78920
clustered together on the SNP tree with outbreak strains of
the same rMLST with strains of rMLST type 14417 clustering
in a similar manner (Figure 5). Most cholera outbreak strains
isolated from 2015 and the majority of our environmental strains
are of an identical rMLST type 78920 suggesting not only a
transmission of strains between the aquatic environment and
humans, but also a time-scale evolution of V. cholerae from one
rMLST type to another. Qur results suggests that Lake Victoria
is a reservoir for V. cholerae O1 with outbreak potential which
are consistent with findings in previous studies (Faruque et al,
1998, 2007; Dalusi et al., 2015b), but are not in agreement with
a recent report which questioned whether environmental strains
may be progenitors of outbreak strains (Weill et al., 2017). In
Haiti, a close phylogenetic relationship has also been reported
between clinical and environmental toxigenic V. cholerae O1
strains (Azarian et al, 2014). Moreover, some ctx-negative
environmental V. cholerae O1 clustered with strains responsible
for clinical cholera and possessed genomic characteristics of the
seventh pandemic lineages (Azarian et al., 2016). This provides
further arguments that the aquatic environment is a reservoir
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in the survival and generation of progenitors of outbreak strains
of V. cholerae.

The persistence of epidemic V. cholerae O1 strains in the
lake can be attributed to a number of environmental factors.
One is the presence of suitable hosts. The symbiotic relationship
between phytoplankton and V. cholerae is well documented
and known to enhance the survival and maintenance of the
pathogenicity in these strains even after cholera outbreaks have
ceased (Haque et al, 2012; Mitchell et al,, 2017). Attachment to
aquatic organisms to take advantage of chitin and other nutrients
is dependent on the MSHA (mannose-sensitive hemagglutinin)
pili (Meibom et al., 2004; Sinha-Ray and Ali, 2017), which were
present in our V. cholerae strains and whose expression by the
mshA gene increases in warm tropical water with temperatures
above 15°C (Lutz et al.,, 2013). The conductivity measurements
and the surface water temperature in the lake averaging 25°C
with an alkaline pH averaging 8.5, provides optimum conditions
for survival and growth of V. cholerae (Lugomela et al., 2014;
Dalusi et al,, 2015a; Plisnier et al., 2015). The WGS data analysis
further indicates that the V. cholerae strains have survived in
and adapted to the lake environment for about two decades.
Among phytoplankton groups that may harbor V. cholerae O1
in Lake Victoria, green algae and cyanobacteria were the major
species detected in our study which are both documented aquatic
reservoirs for V. cholerge O1 and 0139 in Asia and Africa
(Eiler et al., 2007; Dalusi et al, 2015b; Islam et al., 2015). We
noticed that most V. cholerae O1 strains were recovered in
phytoplankton samples obtained in deep water which suggests
that the vertical sampling technique for phytoplankton should
be used in future environmental surveillance studies. Food safety
aspects and transmission of V. cholerae O1 in carps to humans
are questionable as carps are sun-dried before consumption, but
needs to be further explored. V. cholerae O1 was isolated in
Nile perch from the Kenyan side of the Lake Victoria (Onyuka
et al, 2011), but the role of the small carps as reservoir hosts
of V. cholerae O1 remains uncertain. Experimental studies
suggest that V. cholerae strains can use accessory toxins and
structural components to survive in the gut of zebrafish over
long periods (Runft et al, 2014; Mitchell et al,, 2017). Moreover,
Hilsa fish from Bangladesh and many other species were also
reported aquatic hosts of V. cholerae (Halpern and Izhaki, 2017;
Hossain et al., 2018a).

Although seasonal variation was not a significant predictor
of recovery of toxigenic strains in this study, V. cholerae O1 are
generally more frequently isolated during rainy seasons (Reyburn
et al., 2011). Our strains were negative for the PICI-like elements
responsible for phage susceptibility. These elements are genetic
islands of V. cholerae that inhibit lytic phages and therefore
serve as a resilience factor toward vibrio phages (Seed et al,
2013). It has been shown that seasonal fluctuations of cholera
cases can be associated with predation of V. cholerae O1 by
phages in the environment leading to a decrease in the epidemic
curve (Faruque and Mekalanos, 2012). A long-term persistence of
epidemic V. cholerae O1 clones in the lake can also be attributed
to their adaptive genetic machinery made of defense genes
against toxic compounds and heavy metals, The strains contained
magnesium and cobalt efflux protein (CorC) and the cobalt-zinc-

cadmium resistance protein (CzcD). Studies have found different
levels of heavy metals and pesticide residues in Lake Victoria
(Kishe and Machiwa, 2003; Ogwok et al., 2009), which could be
detrimental to bacteria like V. cholerae and limit their growth.
The capability of V. cholerae O1 strains to survive in such an
environment is justifiable by the genetic elements enhancing their
ability to resist these toxic compounds. Moreover, in a complex
environment like Lake Victoria, V. cholerae may be subjected
to a number of other environmental stresses. The presence of
autoinducers, AI-2 LuxP and LuxQ (Joelsson et al., 2007) in
the genetic makeup of our strains favors their persistence since
they are capable of quorum sensing and forming biofilm to
survive and thrive (Kamruzzaman et al,, 2010; Bari et al,, 2013;
Sinha-Ray and Ali, 2017). The strains also contained various
stress response regulator proteins like the VieSAB transduction
system, the two-component response regulator proteins, and
Vibrio polysaccharides (VPS)} biosynthesis proteins, which are
essential for environmental fitness and persistence in V. cholerae
(Fong et al,, 2010; Vesth et al,, 2010; Lutz et al., 2013). Thus, the
molecular characteristics of our V. cholerae strains substantiate
their spatial-temporal persistence in the lake from where they
may emerge and cause outbreaks.

As the concentration of V. cholerae O1 is low in the aquatic
environment between cholera outbreaks, it is important to apply
methods with high sensitivity for environmental surveillance
(Bwire et al, 2018a; Nyambuli et al, 2018). We observed
that PCR of DNA extracted from APW-enriched samples
detected more V. cholerae-positive samples than using subculture
onto TCBS agar with subsequent confirmation of selected
isolates by PCR. Similar observations were reported analyzing
sediments and plankton from Tanzanian estuaries using culture-
independent PCR techniques (Dalusi et al, 2015a). Viable but
non-culturable forms of toxigenic and non-toxigenic V. cholerae
are important in the ecological dynamics and epidemiology of
cholera (Kamruzzaman et al,, 2010; Faruque and Mekalanos,
2012). However, these forms of V. cholerae cells cannot be
detected by culture directly on selective agar media. We therefore
suggest the detection of toxigenic V. cholerae by PCR of APW-
enriched samples as a sensitive and efficient method in routine
monitoring of V. cholerge in the environment.

Increasingly, antimicrobials are used in cholera treatment
to reduce the volume of diarrhea, and V. cholerae Ol
concentrations in stools. Qur study revealed that isolates were
resistant to commonly used antimicrobials such as streptomycin,
amoxicillin 4+ clavulanic acid, ampicillin, trimethoprim and
sulfamethoxazole; findings which are similar to earlier studies
of V. cholerae from Tanzania (Hounmanou et al, 2016;
Rabia et al, 2017). Most of our strains carried the SXT
integrative conjugative element containing resistance genes to
aminoglycosides, sulfamethoxazole, trimethoprim, phenicols and
quinolones with genomic similarity to V. choelerae ICEVchHail
(Hendriksen et al,, 2011; Kaas et al., 2016). Some of our strains
carrying genes encoding phenicol resistance were susceptible to
chloramphenicol (Siriphap et al, 2017; Hossain et al., 2018b)
which shows that the expression of a phenotype is not solely
related to the possession of encoding gene. Moreover, the
nucleotide deletions that occurred within the SXT element are
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not rare, as studies have underlined frequent mutation rates in the
ICE cassette (Spagnoletti et al., 2014; Wang et al., 2016; Hossain
et al,, 2018b). This could also explain why the strain Plankton]l,
which was negative for the SXT element, was genetically distinct
from the rest (Figure 5). Plasmids were not a significant
factor encoding antimicrobial resistance because antimicrobial
resistance genes in our V. cholerae strains was rather related to
the SXT element (Wang et al, 2016}. The lack of plasmids in
our strains may also explain the absence of beta-lactam genes as
beta-lactamases are commonly carried by conjugative plasmids
{Kudirkiene et al,, 2018). Nevertheless, some cryptic plasmids
have been found in non-Ol1 strains (Ceccarelli et al., 2017},
while the IncA/C conjugative plasmids responsible for multidrug
resistance were detected in some V. cholerae in Haiti (Wang
et al., 2018). Acquisition of these resistance profiles not only is of
clinical therapeutic relevance but may also be part of the defense
mechanisms of V. chelerae in aquatic environments as protection
againstantimicrobial compounds and antimicrobial residues that
may be present in the lake. Besides the ICE element, all sequenced
strains contained a multidrug efflux pump component (MtrF)
which could support their ability to persist in the lake in case of
exposure to antimicrobial residues favoring their environmental
persistence as it may also enhance their interaction with aquatic
organisms (Alvarez-Ortega et al, 2013), as well as virulence
(Alcalde-Rico et al., 2016}.

This study reports the occurrence of multidrug resistant
V. cholerae O1 in Lake Victoria that are genetically closely related
to recent pandemic strains in Tanzania, Kenya and Uganda. The
strains identified are also closely related to older pandemic strains
recovered in the Democratic Republic of Congo, Burundi and
Tanzania up until 1993, suggesting a long-term persistence and
wide spatial distribution of pandemic strains within the region
with the lake serving as a reservoir. These environmental isolates
likely emerged from previous cholera outbreaks and survived in
the lake environment for decades through various relations with
reservoirs such as phytoplankton and fish. The V. cholerae O1
strains in the lake are potential progenitors of future cholera
outbreak strains. Our findings are important for surveillance of
V. cholerae O1 and understanding the epidemiology of cholera in
countries around the lake.
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Abstract

Background

Tanzania is one of seven countries with the highest disease burden caused by cholera in
Africa. We studied the evolution of Vibrio cholerae O1 isolated in Tanzania during the past
three decades.

Methodology/Principal findings

Genome-wide analysis was performed to characterize V. cholerae O1 responsible for the
Tanzanian 2015-2017 outbreak along with strains causing outbreaks in the country for the
past three decades. The genomes were further analyzed in a global context of 590 strains of
the seventh cholera pandemic (7PET), as well as environmental isolates from Lake Victoria.
All Tanzanian cholera outbreaks were caused by the 7PET lineage. The T5 sub-lineage
(ctxB3) dominated outbreaks until 1997, followed by the T10 atypical El Tor (ctxB1) up to
2015, which were replaced by the T13 atypical El Tor of the current third wave (ctxB7) caus-
ing most cholera outbreaks until 2017 with T13 being phylogenetically related to strains from
East African countries, Yemen and Lake Victoria. The strains were less drug resistant with
approximate 10-kb deletions found in the SXT element, which encodes resistance to sulfa-
methoxazole and trimethoprim. Nucleotide deletions were observed in the CTX prophage of
some strains, which warrants further virulence studies. Outbreak strains share 90% of core
genes with V. cholerae O1 from Lake Victoria with as low as three SNPs difference and a
significantly similar accessory genome, composed of genomic islands namely the CTX pro-
phage, Vibrio Pathogenicity Islands; toxin co-regulated pilus biosynthesis proteins and the
SXT-ICE element.

Conclusion/Significance

Characterization of V. cholerae O1 from Tanzania reveals genetic diversity of the 7PET line-
age composed of T5, T10 and T13 sub-lineages with introductions of new sequence types
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from neighboring countries. The presence of these sub-lineages in environmental isolates
suggests that the African Great Lakes may serve as aquatic reservoirs for survival of V. cho-
lerae O1 favoring continuous human exposure.

Author summary

The seventh cholera pandemic has claimed >250,000 reported cases and 13,078 deaths until
2018 in Tanzania. To understand the epidemiology and to guide control, we used genomics
to study V. cholerae O1 isolated in Tanzania during the past three decades. Tanzanian chol-
era outbreaks were caused by the T5, T10 and T13 sub-lineages of the 7PET lineage of V.
cholerae O1 with some strains showing an unusual 100-bp deletion on the CTX prophage.
From 1993 to 2017, most sub-lineages found in patients were also found in the aquatic envi-
ronment and the close phylogenetic relationships between strains from the two niches sug-
gest that the African Great Lakes may act as a reservoir for cholera outbreak strains.
Moreover, we reported clonal transmission at regional and global scale favored by popula-
tion displacements. Regional collaborative efforts are advised for effective cholera control.

Introduction

In 1974, cholera reached Tanzania on the shores of Lake Nyasa bordering Malawi [1], and has
since caused recurrent outbreaks of varying magnitudes almost every year resulting in over
250,000 reported cases and 13,078 deaths until 2018 [2,3]. In Africa, the different epidemics
could all be traced back to a single lineage from South Asia, which has been introduced at least
11 times since the first epidemic in the 1970s [4]. The ongoing seventh cholera pandemic is
characterized by multiple waves of V. cholerae O1 strains associated with various genotypic
markers mainly variations in the ctxB gene on the CTX prophage [4,5]. To understand the evo-
lution of V. cholerae O1 requires genome-wide analyses at national and regional scales [6].

Previous analysis of V. cholerae O1 from the 2015 cholera outbreak in Tanzania revealed that
strains involved in initial outbreaks around refugee camps formed two distinct genetic lineages
both different from other strains associated with the countrywide outbreak occurring later in the
same year [7]. This indicates the occurrence of heterogeneous V. cholerae O1 through introduc-
tions of different sub-lineages into the country at different time points. Studies have also indicated
aquatic environments as a potential source for cholera outbreak strains in Tanzania [8,9].

Here, we analyze 22 V. cholerae O1 from the 2015-2017 cholera outbreak in Tanzania in a
national and global context along with strains recovered from Lake Victoria aiming to investi-
gate their evolution, including determinants of pathogenicity and antimicrobial resistance.
Lessons learnt from these past outbreak strains provide evidence of cross-border spread of V.
cholerae O1 in the East African region and call for integrated collaborations of the different
concerned health authorities to proactively establish joint control strategies to circumvent
future cholera epidemics in the region.

Material and methods

Study area and strains collection

The United Republic of Tanzania is an East African country and part of the African Great
Lakes Region [10]. We studied clinical V. cholerae O1 strains and publicly available genomes
of V. cholerae O1 from eleven regions of mainland Tanzania and Zanzibar originating between
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1993 and 2017 (Fig 1, S1 Table). V. cholerae Ol isolated between 2015 and 2017 from cholera
patients in Ruvuma, Songwe, Dar es Salaam, Morogoro, Mwanza, Mbeya, Kigoma and Tanga
were obtained from the National Health Laboratory Quality Assurance and Training Centre of
the Ministry of Health in Dar es Salaam (Fig 1). V. cholerae O1 isolated during the 2016-2017
cholera outbreak from Zanzibar were obtained from Mnazi Mmoja Hospital of the Ministry of
Health and Social Affairs. Overall, two strains per region from mainland Tanzania and six
strains from Zanzibar resulting in 22 strains in total were confirmed as V. cholerae O1 and sub-
jected to antimicrobial susceptibility testing as previously described [9], and whole genome
sequencing (WGS). Public genomes of clinical V. cholerae O1 isolated between 1993 and 2015
(n =23) [4,7] and recent environmental V. cholerae strains from Lake Victoria, Tanzania

(n =9) [9] were obtained from the Genbank and the European Nucleotide Archives (ENA)
and included in the phylogenetic analyses (S1 Table).

DNA extraction, whole genome sequencing and genome assembly

DNA from the 22 V. cholerae O1 isolates was extracted using the automated Maxwell DNA
extraction machine (Promega Maxwell RSC, Wisconsin, USA) and sequencing was performed
on a Miseq (Illumina, Inc., San Diego, CA, USA) as previously described [9] at the University
of Copenhagen, Denmark. Raw sequences were submitted to ENA (Accession number
PRJEB30604). Reads were assembled using SPAdes v. 3.9 [ 11] and assemblies were annotated
using Prokka (v. 1.12-beta) with default settings, using barrnap 0.7 for rRNA prediction [12].

Characterization of V. cholerae O1 from Tanzania

Sequenced strains were analyzed using the online tools from the CGE platform (https://cge.
cbs.dtu.dk/services/cge/) with default settings as previously described [9]. This included identi-
fication of V. cholerae serogroup-specific genes (rfbV-O1, wbfZ-0139), biotype-specific genes
(ctxB, rstR, tcpA), major virulence genes, and VC2346 specific for the seventh cholera pan-
demic [13,14]. Detection of genomic islands of V. cholerae VPI-1, VPI-2, VSP-1, VSP-2 and
the Type VI secretion system (T6SS) proteins was carried out using MyDbFinder 1.2. Further-
more, MyDbFinder 1.2 [14] coupled with nucleotides BLAST served for genotyping of the
strains based on the ctxB of the CTX prophage that they carried. The ctxB of V. cholerae
N16961 (AE003852) served as reference for ctxB3 to search for prototype El Tor strains. The

Legend

+ Zanzibar(Unguja)

@ Tanga

@ songwe

@ singida

X Ruvuma
Mwanza

100 100 200 300 400km

MOZAMBIQUE @ Dar es Salaam

Fig 1. Sampling area. The V. cholerae O1 strains analyzed originated from regions listed in the legend box of the map.
Map constructed with QGIS version 2.12.3 (https://www.qgis.org) using the GPS coordinates recorded from our
sampling sites and Tanzanian country shape files obtained from DIVA-GIS (http://www diva-gis.org/gdata).

https://doi.org/10.1371/journal.pntd.0007934.9001
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ctxB1 of V. cholerae 0395 (CP001235) was used to identify altered El Tor strains of the early
third wave of the seventh pandemic, whereas the point mutation (C to A) at position 58 in the
ctxB1 making it ctxB7 [15] served to identify strains of genotype ctxB7 of to the current third
wave of the seventh pandemic. ResFinder 3.1 [16] with default options assessed acquired anti-
microbial resistance (AMR) genes. MyDbFinder 1.2 [17] was used to detect the SXT integra-
tive conjugative element, class 1 integrons, and the presence of mutations in the DNA gyrase
(gyrA gene) and in the DNA topoisomerase IV (parC gene) [14]. Search for plasmids was con-
ducted using PlasmidFinder 1.3, MyDbFinder 1.2 tools, with cryptic plasmid replicons [9] and
Blast atlas using GView (https:/server.gview.ca/) to assess occurrence of plasmid replicons in
the sequences. In-silico MLST was performed [13] based on internal fragments of the seven
housekeeping genes: adk, gyrB,metE, mdh, pntA, purM, and pyrC using MLST 2.0 [17]. The
included public available genomes have previously been reported [4,7,9] and were included for
comparative analysis. The sequence types of the already published genomes were originally
not reported [4,7], but we determined these using MLST 2.0 [17]. We localized resistance
genes on plasmids from the public available genomes containing the IncA/C2 plasmid [4]

using Blast Atlas in GView (https://server.gview.ca/). Likewise, we analyzed clinical V. cholerae
Ol from previous studies [4,7] for deletions on the CTX prophage and the SXT conjugative
elements by mapping the reads against the reference V. cholerae 2010EL-1786. We searched
antimicrobial resistance genes and did ctxB genotyping and analysis of all major virulence
genes as described above in the clinical V. cholerae O1 strains reported by Kachwamba et al
[7], as they did not report such characteristics. The environmental strains were characterized
and reported in a previous study 9] but were used in the present study for pangenomic com-
parison with the 2015-2017 outbreak strains for in-depth genomic analyses and for the overall
phylogenetic evolution of Tanzanian V. cholerae since 1993 through 2017.

Phylogenetic and pan-genome analyses

The phylogenetic relationship between V. cholerae O1 that caused different outbreaks in Tan-
zania from 1993 to 2017 was assessed along with strains recovered from the environment
using raw reads and trimmed assemblies in CSIPhylogeny version 1.4 with default options for
alocal single nucleotide polymorphism (SNP) analysis [18]. All Tanzanian strains were then
placed in a global phylogenetic context of 590 genomes of the seventh cholera pandemic to
identify the global genetic relatedness and diversity of the Tanzanian strains. The pre-seventh
pandemic V. cholerae O1 strain M66-2 was used to root the trees. The newick files obtained in
CSIPhilogeny 1.4 were annotated and visualized in iTOL [19].

We conducted a pangenome analysis for a genome-wide comparison between selected V.
cholerae strains obtained from Lake Victoria (n = 9), Tanzania [9] and the clinical strains that
caused cholera in 2015 to 2017 (n = 22). Annotated .gff files were used as an input to Roary (v.
3.7.0) pangenome analysis tool [20]. The binary presence/absence data of accessory genes pro-
duced in Roary was used to calculate the associations between all genes in the accessory
genome and the selected traits of the isolates by employing the Scoary (v. 1.6.11) tool [21]. The
accessory genome tree was visualized in phandango [22].

Results and discussion

Genomic characteristics, local phylogeny and pan-genome analysis of
Tanzanian V. cholerae O1

V. cholerae associated with cholera in Tanzania, belong to serogroup O1, as they possess the
rfvB-O1 gene (Table 1, S1 Table). All Tanzanian strains, including isolates from Lake Victoria

PLOS Neglected Tropical Di | https://doi.org/10.1371/journal.pntd.0007934 December 23,2019 4/14




@PLOS NEGLECTED
N2/ TROPICAL DISEASES Evolutionary genomics of V. cholerae O1in Tanzania

Table 1. Genome characteristics of V. cholerae O1 isolated in Tanzania from 1993 to 2017.

Isolation year Biotype MLST ctxB (Wave) Resistance (SXT/R391) T sub- References
linages
1993-1997 Prototype EL ST69 ctxB3 (wave 1) ICEVchHail_"del (loR strA/B,sul2) + 400bp gap in T5 [4]
Tor floR
1998-2009 Atypical El Tor | ST69 | ctxB1 (early wave 3) ICEVchHail T10 [4.5]
2011-2012 Atypical El Tor | ST69 | ctxB1 (early wave3) | ICEVchHail_del(floR,strA/B,sul2) + 400bp gap in Ti0 [7]
floR
2015 (Kigoma January) Atypical El Tor | ST515 | ctxB1 (early wave 3) ICEVchHail T10 [7]
2015-2017 Atypical El Tor | ST69 | ctxB7 (current wave ICEVchHail_del(floR,strA/B,sul2) T13 This study
3)
2017 (P2, P3, F2, F4, W1, W3) Atypical El Tor | ST69 | ctxB7 (current wave ICEVchHail_del(floR,strA/B,sul2) T13 [9]
3)
2017 (F1, F3, W2) + Kigoma May | Atypical El Tor | ST69 | ctxB1 (early wave 3) ICEVchHail_del(floR,strA/B,sul2) T10 [7.9]
2015

“del: deletions in specified genes.

https://doi.org/10.1371/journal.pntd.0007934.t001

are of the seventh pandemic lineage 7PET, possessed the seventh pandemic-specific gene
(VC2346) and differ from the reference seventh pandemic El Tor strain N16961 with a maxi-
mum of 160 SNPs (S2 Table, sheet 1). In agreement with previous reports, we confirmed that
strains from 1993 through 1997 were all the prototype El Tor biotype (ctxB3) V. cholerae of
sub-lineage T5 [4]. Cholera outbreaks occurring from 1998 until 2017 were caused by strains
of the atypical El Tor biotype carrying either ctxB1 or ctxB7, while having rstR and tcpA of the
typical El Tor biotype (Fig 2, Table 1). This coincides with the period of emergence of the
hybrid biotype conferred by ctxB1 genes and associated with cholera outbreaks, which has
since replaced the typical El Tor biotype in recent outbreaks [4,5,23]. These hybrid strains are
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Fig 2. Maximum likelihood tree of V. cholerae O1 isolated in Tanzania from 1993 to 2017 along with strains from
Lake Victoria (in blue). The reference strain V. cholerae N16961 was used to root the tree. Strains with the 100bp

deletion in ctxA are marked with a star (") and the T sub-lineages [4] of each phylogenetic cluster are indicated in
brackets.

https://doi.org/10.1371/journal. pntd.0007934.9002
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known for their ability to produce more cholera toxin than the prototype El Tor biotype strains
causing a more severe diarrhea [24]. The 1993 and 1997 strains belong to the first wave of the
seventh cholera pandemic and the T5 sub-lineage of 7PET. Clinical strains from 1998 up to
2012 and strains F1, F3 and W2 isolated from Lake Victoria in 2017 belong to the early part of
wave III (ctxB1) of the seventh pandemic and part of the African T10 cluster, confirming pre-
vious reports [4]. The Kigoma refugee camos outbreak of May 2015 [25] also belong to this
cluster.

V. cholerae O1 strains from 2013 were not available and there was no cholera reported in
Tanzania in 2014 [2]. Strains isolated in outbreaks occurring after 2014 except for the those
responsible for the Kigoma outbreaks in Janurary and May 2015, contain ctxB7 of the current
third wave within the seventh cholera pandemic and belong to the T13 sub-lineage. Compared
to T5 and T10 strains that occurred in the previous years, this shows significant genomic diver-
sity of V. cholerae responsible for outbreaks in Tanzania overtime in line with the variation
previously reported across the continent [4,5]. T13 strains are responsible for the ongoing
cholera outbreak in Eastern Africa and Yemen [26,27]. Strains of the T13 sub-lineage formed a
separate cluster on the local phylogenetic tree (Fig 2) and seem to occur in Tanzania after
2014, a time that corresponds with the global emergence of this sub-lineage [26]. Our clinical
samples isolated between 2015 and 2017 are most closely related to V. cholerae O1 isolated in
Lake Victoria in 2017 with as low as three SNPs difference and the environmental isolates also
containing ctxB7 and being part of the T13 sub-lineage (Fig 2). This confirms our previous
findings [9] and suggests a connection between environmental and outbreak strains where the
isolates from the Lake could be either outbreak strains released into the environment through
fecal contamination, e.g. sewage or they could be the source of the outbreak suggesting an
environmental reservoir of V. cholerae O1 as described in Thailand, Cameroon and previously
in Tanzania [8,13,14]. Isolates F1, F3 and W2 isolated in 2017 from Lake Victoria were
revealed to belong to the sub-lineages T10 and are genetically related to pandemic strains cir-
culating in the country since 1998 until 2015. This suggests an environmental survival of the
strains even when outbreaks have ceased in people, favoring resurgence of epidemics overtime,
with Lake Victoria serving as a reservoir as is also the case for Lake Chad [9,13]. Of the twenty-
two 2015-2017 strains sequenced in this study, none was T10so their presence in the lake
could not be directly linked to the discharge of urban sewage emanating from the ongoing out-
breaks and the environment could remain a potential reservoir for resurgence of toxigenic V.
cholerae O1. However, since only a few samples were sequenced in this study from the 2015-
2017 outbreak, we cannot rule out the possible presence of T10 sub-lineage in the outbreak
and their subsequent discharge in the lake justifying the close genetic relatedness between our
environmental isolates F1, F3 and W2 and the clinical T10 strains from the country (Fig 2, Fig
3C). Moreover, despite the well-described environmental reservoirs for V. cholerae [28-30],
and the evidence of different sub-lineages of the seventh pandemic strains in the aquatic envi-
ronment, it remains unclear if patients or the Lake Victoria was the original source of the
isolates.

Most Tanzanian V. cholerae O1 strains isolated after 2014 are T13 and belong to the com-
mon MLST type ST69 [14]. Nevertheless, a group of T10 strains caused an outbreak in the city
of Kigoma in January 2015 [7] belonging to ST515; a type that had not occurred before in Tan-
zania and which formed a separate cluster in the phylogenetic tree (Fig 2) within the T10 clus-
ter. These strains belonged to a separate genotype when previously compared by MLVA
typing with other genomes from late 2015 [7]. We found that the T10 strains of ST515 most
likely originated from the neighboring Democratic Republic of Congo (DRC), a country
known for recurrent cholera outbreaks [31] and other neighboring countries where they have
caused outbreaks between 2012 and 2013 (Panel C, Fig 3).
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Fig 3. SNP-tree showing global phylogenetic relationships of V. cholerae O1 genomes by regions. The blue clades
labeled X, Y and Z in panel A indicate Tanzanian strains within the T5, T10 and T13 transmission events, respectively.
Panel B isa zoom into the clade X showing the Tanzanian T5 strains. Panel Cisthe Y clade of Tanzanian strains within
a T10 cluster. Panel D displays the clade Z indicating T13 strains including Tanzanian strains. In panels B, Cand D,
the Tanzanian clinical and environmental strains are highlighted in red.

https://doi.org/10.1371/journal.prtd.0007934.003

Although T10 strains have been occurring in Tanzania since 1998 through 2015, the
sequence type ST515 of the Kigoma strains was different and can be distinguished from the
circulating Tanzanian T10 (ST69) (Panel C, Fig 3). However, in May 2015 the refugee camp
outbreak in Kigoma caused by the locally circulating T10 ST69 strains only occurred around
the refugee camp and could be attributed to the regional spread of this genotype likely favored
by population displacement and refugees that fled in at the time due to conflicts in Burundi
[7,25]. ST515 has been circulating in DRC before its occurrence in Kigoma in January 2015,
thus, the presence of refugee camp in the area and the interaction between local fishermen and
refugees from DRC and Burundi could have favored the introduction of T10 ST515 into Tan-
zania since this type occurred only around Kigoma near the DRC border. T10 were not related
to the T13 V. cholerae O1 strains (at least 108 SNPs apart) involved in the countrywide cholera
outbreaks later in the same year (7] (Fig 2). It was not possible to identify any genome
sequences of V. cholerae associated with outbreaks in Burundi between 2010 and 2015, a
period where most refugees fled into Tanzania. The observed regional transmission is consis-
tent with cholera outbreaks in Tanzania being caused by diverse strains even within the same
year and underlines that regional collaborative efforts are required for effective cholera control
in countries located around the African Great Lakes.

The occurrence of virulence-associated genes and pathogenicity islands among the V. cho-
lerae O1 sequenced in this study was similar to that of strains from previous studies [4,7,9] (S1
Table). Major virulence-associated genes such as ctxA, ctxB, zot, ace, tcpA, hlyA, mshA, rtxA,
ompU, and toxR, as well as VgrG, Vas, Tsi proteins of the type VI secretion system, glucose
metabolism genes, als and the flagella-mediated cytotoxin gene makA were present in all
sequenced strains. Moreover, our sequences contained Vibrio Pathogenicity Islands mainly
VPI-1 and VPI-2 as well as VSP-1 and VSP-2 normally found in strains of the seventh
pandemic.

Nevertheless, a 100-bp nucleotide deletion was observed in the cholera enterotoxin gene
(ctxA) between positions 1042170 and 1042270 in strains Kg2, Sg2, Zb5 and Zb6 isolated
between 2015 and 2017 (S1 Fig) as well as in the published genomes of V. cholerae O1 isolated
in 2011 and 2012 [7]. To confirm this, we repeated DNA extraction from fresh cultures of the
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cholerae O1 isolated in Lake Victoria (purple). The tree at the left shows the accessory binary tree of the accessory
genome indicating that clinical strains F2 and F4 are identical to environment strains Rv2 and Sgl. The blue boxes
mark presence of genes and white gaps represent absence of gene products. The label (a) shows strains W2, F1 and F3
containing a unique region of proteins from the VSP-2 genomic island like the murin DD-endopeptidase MepM that
are absent in other strains.

https:/doi.org/10.1371/journal.pntd.0007934.0004

four mentioned outbreak strains and re-sequenced them with results remaining the same. The
100-bp deletion was also confirmed by mapping the reads to the reference V. cholerae 2010EL-
1786. The concerned strains were negative for ctxA in PCR, although the strains originated
from stool samples of cholera patients. It remains to be shown how this deletion affects cholera
enterotoxin production. These deletions are however, not monophyletic because they are
found in strains belonging to two separate clusters from T10 and T13 (Fig 2) suggesting that
they could be involved in recombination events since the deletions are occurring within
known mobile elements and such events have been reported to affect the structure of V. cho-
lerae populations [32]. Differences in the clinical relevance of these recombined strains com-
pared to other strains can however not be demonstrated with the current data. Studies in
Mozambique [33] and Mexico [34] have reported outbreak strains of V. cholerae O1 lacking
ctxA. Moreover in Bangladesh, V. cholerae isolated from a cholera patient lacked the entire
CTX bacteriophage encoding ctxAB genes where toxigenic ctxA-positive strains co-infected
the same individual at the same time [35,36]. The phylogenetic difference between the two
strains in that patient suggests that different populations of V. cholerae can occur in the same
patient at a given time.

When V. cholerae Ol strains isolated from Lake Victoria [9] were compared to the latest
outbreak strains using a genome-wide approach, we observed that the clinical and environ-
mental isolates share a core genome of 3,321 genes, being the number of genes common to all
31 analyzed strains, out of a total pan-genome size of 3,687 (90.07%) (Fig 4). As shown in the
core genome phylogeny where clinical and strains from the Lake were highly related with as
low as 3 SNPs apart, the accessory genome also shows that two fish isolates (F2 and F4) are
identical to two isolates from patients (Fig 4), confirming the connection between isolates
from the environment and from patients. This finding supports our initial argument of an
environmental reservoir for V. cholerae as a potential source of outbreaks [9] and persistence
of pandemic strains in the environment confirming why V. cholera O1 has persisted across
the three major niche dimensions namely space, time, and habitat [37]. Nevertheless, we still

cannot be conclusive on the direction of contamination between the environment and
patients. The core-genome is made amongst others of the outer membrane protein genes, the
kinase two-component signal transduction histidine-proteins, the chemotaxis proteins and

PLOS Neglected Tropical Di | https://doi.org/10.1371/journal.pntd.0007934 December 23,2019 8/14




@PLOS NEGLECTED
2] TROPICAL DISEASES Evolutionary genomics of V. cholerae O1in Tanzania

corroborate previous findings that define species-specific genes of V. cholerae supporting envi-
ronmental adaptation [38]. The accessory genome of the analyzed genomes is however, orga-
nized in two main clusters of 110 genes (Fig 4). Between clinical strains and those recovered
from the environment, no gene from the accessory genome showed a significant predilection
to either of the niches (Benjamini p-value >0.05), substantiating a strong genetic relatedness
even at accessory genome level between clinical and environmental V. cholerae O1 in Tanza-
nia. This finding is however contrary to previous studies that reported a clear difference
between clinical and environmental V. cholerae O1 primarily due to lack of virulence-associ-
ated genes in most environmental strains [38].

The accessory genome of the analyzed strains essentially constitutes of genomic islands
mainly the Vibrio Pathogenicity Islands, toxin co-regulated pilus biosynthesis proteins, the
CTX prophage, and resistance genes on the SXT integrative conjugative element (Fig 4). These
findings corroborates previous finding [37,39] and confirms that the CTX prophage is not part
of the core genome of V. cholerae O1. The accessory binary trees (Fig 4) shows a distinct clus-
ter of four non-T13 strains (W2, F1 and F3), with a significantly different accessory genome
content (Benjamini p-value< 0.05). The accessory genome of strains recovered from the envi-
ronment reveal that they are characterized by the presence of bicyclomycin resistance proteins
encoded by genes acquired by horizontal gene transfer [39]. Strains W2, F1 and F3 harbored
proteins belonging to the genomic island of VSP-2 like the murein DD-endopeptidase MepM,
that were absent in remaining strains (Fig 4, label a).

Determinants of antimicrobial resistance

Our sequenced strains showed phenotypic resistance to streptomycin, amoxicillin-clavulanic
acid and ampicillin as well as nalidixic acid. Resistance to nalidixic acid was confirmed by the
presence of amino acid substitutions in gyrA (Ser83-Ile) and parC (Ser85Leu). Strains were,
however, susceptible to several antimicrobials including gentamicin, ciprofloxacin, ceftazi-
dime, tetracycline, cefotaxime and chloramphenicol. All V. cholerae O1 genomes contained
resistance genes for chloramphenicol (catB9) and trimethoprim (dfrA1/15) with the latter
gene being part of the SXT element, but our sequenced strains were susceptible to chloram-
phenicol in phenotypic tests. Such discrepancy between phenotypic and genotypic profiles
have been reported previously [40]. Moreover it has already been reported that the presence of
catB9 is not associated with resistance [4].

In accordance with characterization of previous V cholerae O1 strains [4,7], our strains con-
tained the SXT integrative conjugative element with genetic similarity to that of V. cholerae
ICEVchHail and harbor the specific integrase genes of the class 1 integron, (intI gene). Blast
Atlas analysis revealed that strains from 2015 to 2017 have approximately 10-kb nucleotide
deletions on the SXT element especially in floR (bp 99050 to 99200), strA/B (bp 100350 to
100600; 100800 to 100900; 101600 to 101850) and su/2 (bp 102300 to 102450) (S1 Fig) most
likely resulting in phenotypic susceptibility to phenicols and sulphonamide. These deletions
are characteristic for the T13 sub-lineage of V. cholerae O1 El Tor found in the current third
wave of the seventh pandemic and have been previously reported in Cameroon [13] and
Yemen [26]. These deletions in the ICE fragment may have caused the strains to be less resis-
tant to antimicrobials as compared to the clinical T5 strains isolated in 1993 and 1997, which
harbor conjugative IncA/C2 plasmids as reported elsewhere [4] with additional beta-lactam
(blacargp-4), and tetracycline (tetB) resistance. No strains isolated after 1998 contained conju-
gative plasmids. It seems that V. cholerae O1 clones of the third wave have lost the IncA/C plas-
mids over the years [4,26,41].
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V. cholerae O1 from Tanzanian outbreaks in a global context

In the global context of the seventh pandemic, Tanzanian strains are located on three time-sep-
arated clusters (Panel A, Fig 3). The T5 prototype El Tor strains from 1993 and 1997 are
located in a cluster of closely related genomes from India, Bangladesh and China isolated
between the 1970 s and the 1990’s (Panel B, Fig 3). These strains have been circulating for
nearly 20 years in Africa revealing decades long transmission chain between African countries
[4]. Their relatedness to strains from Asia shown in our analysis (Panel B, Fig 3) reiterates the
Asian origin of initial cholera outbreaks in Tanzania and in Africa [4]. The T10 strains isolated
between 1998 and 2012, including the 2015 strains from Kigoma formed a regional cluster
(Panel C, Fig 3), confirming spread of V. cholerae O1 between Tanzania and other Eastern
African countries like Rwanda, Burundi, Kenya, Uganda, DRC, South Sudan, Comoros, and
Zambia [4,7,27]. V. cholerae O1 isolated in Tanzania during the 2015-2017 outbreak clustered
with strains from East Africa mainly the 2015 and 2016 outbreak strains from Kenya and
Uganda with a maximum of 50 SNPs difference (Panel D, Fig 3 and S2 Table, sheet 2). The fact
that these three neighboring countries that have Lake Victoria in common experienced out-
breaks during the same period with genetically closely related strains, also found in the lake,
underlines the need for regional collaboration for cholera control and the inclusion of environ-
mental surveillance in control strategies. Moreover, all V. cholerae O1 strains isolated after
2014 until 2017 are closely related to V. cholerae O1 that caused the devastating 2016-2017
outbreaks in Yemen (Panel D, Fig 3) confirming previous reports on potential human-medi-
ated transmission around the globe [26,42].

In conclusion, genomic analyses of V. cholerae O1 responsible for various outbreaks in Tan-
zania between 1993 and 2017 confirmed that the seventh pandemic El Tor strains caused all
outbreaks. This lineage however has undergone significant genetic changes over time. The
year 2015 for instance shows the diversity of strains causing various outbreaks in Tanzania
because in that year the January outbreaks were caused by T10 ST515 strains, while in May the
outbreak in the same city was caused by T10 ST69 and from August 2015 the Kigoma strains
were T13. We have confirmed spread within the Eastern African countries notably between
Tanzania, the Democratic Republic of Congo, Kenya and Uganda, Rwanda, Burundi, Zambia,
South Sudan and Comoros, as well as a global spread between East African countries and
Yemen for T10 and T13 strains. Tanzanian older epidemics clones of T5 sub-lineage however
most likely originated from India, Bangladesh or China. These findings are consistent with
human-mediated spread of cholera around the globe. We have documented potential aquatic
environmental reservoir for V. cholerae Ol strains, which are closely related to epidemic clones
with similar accessory-genome contents. Different sub-lineages of epidemic strains mainly
T10 and T13 have been found in the lake substantiating survival, persistence from the lake and
favor further human exposure. Tanzanian V. cholerae Ol strains show limited antimicrobial
resistance and some present nucleotide deletions on the CTX prophage. The observed regional
spread calls for well-coordinated cholera control efforts including environmental monitoring
of V. cholerae O1 in the African Great Lakes regions, which is currently the main cholera hot-
spot on the African continent. We propose initiation of vaccination programs in countries
whose neighbors declare cholera epidemics.

Limitations of the study

In the present study only a limited number (n = 22) of V. cholerae O1 isolates collected
between 2015 and 2017 have been analyzed from an outbreak that caused over 30, 000 reported
cases between August 2015 and early 2018. Considering this limited sample size, it is difficult
to rule out the possibility of occurrence of more recent T10 isolates collected in humans during

PLOS Neglected Tropical Dis | https://doi.org/10.1371/journal.pntd.0007934 December 23,2019 10/ 14




@PLOS NEGLECTED
Nz TROPICAL DISEASES Evolutionary genomics of V. cholerae O1in Tanzania

the outbreaks around Lake Victoria justifying their clustering with our environmental F1, F3
and W2 isolates. Furthermore, the data presented in this study provided evidence of phyloge-
netic relatedness between clinical and environmental isolates of V. cholerae O1 in Tanzania
but cannot indicate the direction of pathogen transfer and original source. Moreover, the iden-
tification of imported strains of V. cholerae through refugees and the occurrence of different
sub-lineages over time in Tanzania and beyond in the Great Lakes region cannot effectively
guide cholera control without parallel epidemiological studies and interventions from decision
makers. The tools used in this study and the available data are not able to predict the next
potential sub-lineages to emerge in future epidemics and their clinical relevance in order to
proactively propose solutions. Furthermore, the current data does not allow to conclude on
the epidemiological relevance of the identified V. cholerae O1 from cholera patients containing
deletions on the ctxA gene, the main virulence factor for cholera toxin production.
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Studies have reported the occurrence of Vibrio choferae in fish but little is known about
the interaction between fish and toxigenic V. cholerae as opposed to phytoplankton,
which are well-established aquatic reservoirs for V. cholerae. The present study
determined the role of tilapia (Oreochromis niloticus) as a reservoir host for survival
and transmission of V. choferae in aquatic environments. Three experiments were
performed with one repetition each, where O. niloticus (~2 g) kept in beakers were
inoculated with four V. choferae strains (5 x 107 cfu/mL). Firstly, infected tilapia were
kept in stagnant water and fed live bring shrimp (Artemia salina) larvae daily. Secondly,
infected tilapia were kept without feeding and water was changed every 24 h. Thirdly,
infected tilapia wers fed and water was renewed daily. Infected tilapia and non-infected
controls were sacrificed on days 1, 2, 3, 7, and 14 post-inoculation and V. cholerae
were enumerated in intestinal content and water. Another experiment assessed the
transmission of V. cholerae from infected to non-infected tilapia. The study revealed that
El Tor biotype V. cholerae O1 and V. cholerae non-0O1 colonized tilapia intestines and
persisted at stable concentrations during the second week of the experiment whereas
the Classical biotype was undetectable after 1 week. In stagnant water with feeding,
V. choleras counts dropped to 10% cfu/ml in water and from 107 to 104 cfu/intestine in
fish after 14 days. When water was renewed, counts in water decreased from 107 to
103 cfu/ml and intestinal counts went from 108 to 102 cfu/intsstine regardless of feeding.
All strains were transmitted from infected to naive fish after 24 h of cohabitation. Tilapia
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like other fish may play an essential role in the survival and dissemination of V. cholerae
O1 in aguatic environments, e.g., the seventh pandemic strains mostly. In this study,
tilapia were exposed to high concentrations of V. cholerae to ensure initial uptake and
follow-up studies with lower doses resembling natural concentrations of V. cholerae in
the aquatic environment are needed to confirm our findings.

Keywords: Vibrio cholerze, tilapia, cholera transmission, microbial ecology, reservoirs

INTRODUCTION

Vibrio cholerae is one of the longest recognized human infectious
pathogens, yet there is still much to clarify on the emergence
and transmission of cholera, the disease for which V. cholerae
is the causative agent. V. cholerae O1 and O139 are the only
serogroups causing cholera, with the leading strains being the
toxigenic V. cholerae O1 El Tor and Classical biotypes (Dalsgaard
et al, 2001). The Classical biotype, however, has not been
implicated in cholera outbreaks for several decades and has
become extremely rare, if not extinct, in the aquatic environment
since the beginning of the seventh cholera pandemic (Safa
et al, 2006; Nag et al, 2018). The main virulence factor in
humans expressed by all biotypes is cholera toxin. The intestinal
colonization of V. cholerae in humans requires production
of the cholera toxin co-regulated pilus (TCP), whose main
transcription activator is ToxT (Faruque et al, 1998; Sanchez
and Holmgren, 2011). V. cholerae Ol biotype El Tor that
lacks active toxT can therefore be regarded as non-toxigenic.
V. cholerae non-01/0139 strains are ubiquitous in aquatic
environments and rarely produce cholera toxin, but can cause
sporadic diarrhea (Hounmanou et al.,, 2016). Most V. cholerae
non-O1 do not contain tcpA (regulated by ToxT), but if
present, and the role of toxT remains the same which is
to regulate the transcription of TCP. In this study, a toxT
mutant of V. cholerae O1 El Tor served to assess whether the
lack of transcription of tcpA (regulated by ToxT) would affect
colonization in tilapia.

Fish are potential carriers for V. cholerae and the occurrence
of toxigenic and non-toxigenic strains of V. cholerae in
tilapia (Oreochromis niloticus) and African catfish (Clarias
gariepinus) has been reported during non-cholera outbreak
periods (Hounmanou et al., 2016). V. cholerae non-O1 has
also been isolated in carps (Rastrineobola argentea) from Lake
Tanganyika (Nyambuli et al, 2018). A study in Bangladesh
indicated that fish could serve as a potential vehicle for
V. cholerae transmission to humans (Hossain et al, 2018},
and genetic analysis of V. cholerae from a cholera outbreak in
Zanzibar suggested that marine fish were implicated in pathogen
transmission (Rabia et al,, 2017).

In sub-Saharan Africa, where the seventh cholera pandemic
has a high impact in terms of morbidities and mortalities
(Mengel et al, 2014; Weill et al., 2017}, frequent epidemics
occur around the African Great Lakes Region (AGLR), where
fishing, and fish processing represent an essential socio-economic
activity (Nkoko et al, 2011; Plisnier et al, 2015 Ajayi and
Smith, 2018). Association between cholera and the aquatic
environment is well-established in the AGLR (Urassa et al,, 2009;

Reyburn et al, 2011). Well-recognized aquatic reservoirs of
V. cholerae include phytoplanktons, zooplanktons, algae, and
cyanobacteria. The role of fish as a reservoir host, however,
remain speculative because the mere presence of V. cholerae
in fish is not sufficient to confirm that fish is a true reservoir
host providing multiplication and persistence of the pathogen
(Tamplin et al., 1990; Halpern et al, 2004; Islam et al, 2015;
Halpern and Izhaki, 2017).

Studies conducted using zebrafish as models indicated that
they canbe colonized by V. cholerae and can transmit the bacteria
to naive zebrafish via excretion (Runft et al., 2014; Mitchell et al,,
2017). This therefore calls for further studies to explore the fate
of V. cholerge in wild caught fish like tilapia.

In the present experimental study, we worked with one of
the common edible fish species around the AGLR, namely
tilapia (O. miloticus). The aim was to determine the role of
tilapia in the survival of V. cholerae in the aquatic environment
and in transmitting the pathogen. The results suggest that
V. cholerae O1 El Tor {causing the seventh cholera pandemic) do
survive in tilapia, which may have important implications in the
epidemiology of the ongoing cholera epidemic around the AGLR.

MATERIALS AND METHODS

Bacterial Strains Used in Tilapia

Experiments

Vibrio cholerae O1 El Tor (strain E7946) and Classical
(strain O395) biotypes used in this study were clinical strains
obtained from a laboratory collection (Table 1). They are all
streptomycin resistant, which allowed for the use of selective
isolation procedures during the experiment. An environmental
V. cholerae non-O1 was isolated from carps (Rastrineobolla
agentea) in Lake Victoria, Tanzania, and confirmed streptomycin
resistant by disc diffusion following standard methods of
isolation and identification of V. cholerae (Hounmanou et al,

TABLE 1| Streptomycin-resistant V. cholerae strains used in this study.

Strain 1D Strain characteristics Source

0395 V. cholerae O1, classical biotype Runft et al., 2014

E7948 W cholerae 01, El Tor biotype Runft et al., 2014

Jwie12 V. cholerae O1 AtoxT {mutant of Runft et al., 2014
E7946)

V. cholerae non-O1 Cix-negative, V. cholerag non-01 This study

strain isolated from carps in Lake
Victoria
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2016). The actual serotype of this non-Ol strain was not
determined. The strain was included in the study to assess
whether colonization in tilapia differs between clinical strains
of serogroup O1 and the environmental V. cholerae non-
01 strains. V. cholerae Ol strain JW612, a foxT mutant
was included to test whether the lack of transcription of
tepA (regulated by toxT) would affect colonization of the
tilapia (Table 1).

Elimination of Natural V. cholerae in

Tilapia Prior to Experiment

We used tilapia (O. niloticus) juveniles (approximately 2 g)
obtained from a hatchery at the Sokoine University of Agriculture
in Morogoro, Tanzania where the experiments were performed.
About 20 tilapia juveniles were placed in beakers (2,000 mL})
containing autoclaved tap water with constant aeration. To
ensure that the tilapia juveniles did not contain environmental
V. cholerae, intestinal samples of five tilapia per beaker were
plated on thiosulfate-citrate-bile salts-sucrose agar (TCBS)
(Oxoid Limited, Hampshire, United Kingdom) after 24, 48,
and 72 h.. This was followed by a species-specific PCR
for the ompW gene (Nandi et al, 2000) using DNA from
isolates recovered on TCBS agar and from samples enriched
in APW. Water samples from the beakers were also cultured
for V. cholerae. No V. cholerae colonies were detected in
any water and fish gut samples and none of the samples
produced the 588 bp band expected for the ompW gene.
Tilapia juveniles confirmed negative for V. cholerae were used
in the experiment.

Exposure of Tilapia to V. cholerae
Inoculated in Water

The four V. cholerae strains used in the experiments (Table 1)
were first grown in Luria-Bertani (LB) broth (Difco, Becton
Dickinson and company, Maryland, United States) at 37°C
for 24 h with agitation. The growth curves of the strains
revealed that the overnight cultures (24 h at 37°C) of all
the strains reached on average 1010 cfu/mL (data not shown).
Following procedures described for zebrafish models (Runft
et al., 2014; Mitchell et al, 2017), the V., cholerae strains were
grown overnight in tubes containing 10 ml LB. Tubes with
the overnight bacterial cultures were centrifuged at 5,000 g
for 2-3 min and the pellets with bacteria were washed
twice in normal saline solution (sterile water + 0.9% NaCl).
Bacterial cells collected from 10 LB tubes were suspended in
one mL normal saline/tube and added to beakers (aquarium)
containing 2,000 mL of autoclaved tap water and 20 tilapia
juveniles. Thus, the count of each V. cholerae strain was about
5 x 107 cfu/mL in each beaker, similar to concentrations used
in the zebrafish models (Runft et al., 2014). This concentration
is high compared to the expected concentration of V. cholerae
in the natural aquatic environment. However, because gavage
is not a natural route of administration in fish, we exposed
tilapia to the test strains of V. cholerae by immersion in
the beakers; a high dose of inoculum was therefore needed
to ensure an uptake of the test strains. The beakers were

kept at room temperature (25°C) for 2 weeks with constant
aeration by an air pump. The experiment included four beakers
with the V. cholerae strains (Table 1) and another beaker
containing tilapia juveniles were given 1 mL sterile normal
saline solution with no V. cholerae (control). Three tilapia
juveniles were sacrificed 1, 2, 3, 7, and 14 days after inoculation
of the V. cholerae strains. Fish were infected similarly, in
all experiments.

Experimental Design

We conducted three different experiments with two replicates of
each. Each experiment was repeated 2 weeks after the end of the
first experiment to have a biological replicate that ensures the
validity of the study. In each experiment, tilapia were inoculated
with 5 x 107 cfu/mL of various V. cholerae strains (Table 1)
by immersion in beakers as previously described (Mitchell
et al,, 2017). Tilapia (~2 g) were sacrificed on days 1, 2, 3, 7,
and 14 post-exposure and the concentration of V. cholerae in
water and intestinal content was enumerated as was the water
turbidity based on ODggp water measurements. The beakers
with tilapia, but no V. cholerae served as controls and one
mL of sterile normal saline solution was added at the onset
of the experiment.

In Experiment 1, tilapia were starved for 24 h before the
experiment. Two hours after the inoculation of the V. cholerae
strains, feeding was initiated with fresh hatched brine shrimp
{(Artemia salina) (JBL GmbH & Co., Neuhofen, Germany)
served twice a day until termination of the experiment. The
brine shrimp were hatched from dry eggs in sterile water
and did not contain V. cholerae as shown by lack of yellow
bacterial colonies when grown on TCBS agar plates. Water
in the beakers remained unchanged until the experiment
was terminated. This experiment aimed to determine the
colonization, the survival and shedding of the V. cholerae
test strains in tilapia in stagnant water. The control for this
experiment was a beaker with tilapia fed with the same brine
shrimp and inoculated with sterile normal saline. We chose live
feed because of the size of the juveniles being used in the study
and also to avoid commercial feeds which may increase water
fouling in the beakers.

In Experiment 2, water in the beakers was replaced
daily (every 24 h) with fresh sterile water of the same
volume (2,000 mL) and fish were not fed, When the water
was changed, fish were removed from the initial beaker
then washed twice in sterile tap water to remove external
V. cholerae by rubbing their surface before placing them
in a new beaker with sterile water. Infection procedures
were the same as in Experiment 1 but this experiment
aimed to assess the impact of feeding and water renewal on
the survival and excretion of V. cholerae in tilapia in the
absence of feeding,

In Experiment 3, water was changed like in Experiment 2,
but fish were fed brine shrimp free of V. cholerae like in the
Experiment 1. Tilapia was exposed to V. cholerae by immersion as
in the other experiments, This experiment aimed to differentiate
between the impact of feeding and water exchange on the survival
and excretion of V. cholerae in tilapia.
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Enumeration of V. cholerae

Fish were collected every morning and sacrificed. In Experiments
2 and 3 (where water was renewed), fish, and water samples
were taken from the beakers before water renewal After the
tilapia juveniles (three fish were collected per time point} were
sacrificed, the intestinal content was aseptically removed using
sterile scissors and metal blades, and the content placed into
1 mL of sterile normal saline. After homogenization of the
intestinal contents by crushing and shaking, serial decimal
dilutions of the homogenate were made and 10 pL of dilutions
were subsequently spread onto Luria-Bertani Agar (LA) (Difco)
plates containing streptomycin (100 pg/mL). One mL water
samples from the beakers were collected at each time point
and diluted and plated on LA as described for the intestinal
content samples. When we obtained 30 or less colonies on
LA plates containing streptomycin, all isolates were re-streaked
on TCBS agar for confirmation. With higher colony numbers,
the identity of at least 30 colonies appearing on the LA plates
was confirmed on TCBS agar. Selected El Tor and Classical
isolates were collected from TCBS agar plates and confirmed
as cixA-positive by PCR to verify that they did not lose their
virulence, In Experiments 2 and 3, colony counts were lower
due to the daily change of water and, therefore, 100 pL of
each dilution was plated on LA, Colony forming units per fish
intestine or mL of water were calculated using counts from all
plates based on dilutions with valid counts divided by the sum of
offset values. Thus in Experiment 1, the detection limit for one
sample (fish intestine or water sample) was 900 cfu (2.95 on a
logarithmic scale with base 10) per intestine or per mL of water
sample and 150 cfu per intestine for six fish samples combined
and 450 cfu pr mL for two water samples. For Experiments
2 and 3 where 100 pL was plated, the detection limit for an
individual sample was 9 cfu (1.96 on Log scale). At each time
point intestines from three tilapia were analyzed individually
for V. cholerae.

The use of high concentrations of V. cholerae could increase
stress in the fish causing excretion of more waste particles
which was evaluated by measuring the optical density values
of the water, Like in the zebrafish models (Mitchell et al,
2017), the optical density (ODggg) of 1 mL water sample was
read at 600 nm in a spectrophotometer using normal saline
as the blank Optical density was measured also in the control
groups and at different time points during the 14 days of
experiment. OD values of the beaker water were measured
at each time point along with V. chelerae counts in intestine
and water samples.

Assessing Transmission of V. cholerae
Within Tilapia Populations

Ten tilapia juveniles of ~4 g were exposed to fresh overnight
cultures of the V. cholerae strains (Table 1) in beakers containing
1 L autoclaved tap water as described above (approximately
5 x 107 cfu/mL). After 6 h of exposure, a time which previously
was found sufficient to allow colonization of V. cholerae in
zebrafish (Runft et al., 2014), the tilapia juveniles were washed
in autoclaved tap water twice to remove any external V. cholerae

present on the fish body. The juveniles were then placed in
another beaker with sterile water containing ten naive tilapia
juveniles of ~2 g with the smaller size allowing differentiation
from the larger 4 g fish. After 24 h of cohabitation, four of the
naive tilapia juveniles were sacrificed per beaker and intestinal
V. cholerae populations were enumerated as described above.

Statistical Analyses

Vibrio cholerae counts (x) were calculated as total count per
fish intestine (fish samples}) or total count per mL (water
samples) for the two repeated trials. Comparisons of bacterial
counts in fish samples [logo(x+1)] between strains and
over time was done using multiple linear regression where
also the interaction between strain and time was assessed.
Repetition was not a significant predictor of bacterial counts
neither when tested alone nor in the full model and therefore
it was left out of the final analysis. V. cholerae counts in
water samples were not compared in a similar manner as
there was only one sample for each repetition, strain and
time point, but those counts were correlated with average
counts in the fish using linear regression. Model assumptions
were verified using normal probability plot of standardized
residuals and histogram of residuals. Homoskedatiscity was
checked using rvf-plot plus Breusch-Pagan/Cook-Weisberg
test for heteroskedasticity, P-values < 0.05 were taken
to indicate significant differences in Stata (Version 12,
StataCorp, College Station, TX, United States). Bacterial
counts from transmission experiments enumerated 24 h post
exposure were only strain dependent. Therefore, one-way
ANOVA was performed to compare mean counts for the two
trials among strains,

RESULTS

Survival of V. cholerae in Tilapia Kept in

Stagnant Water and Given Live Feed

In Experiment 1, tilapia were exposed to 5 x 107 cfu/mL of
V. cholerae as described in the Section “Materials Methods.”
They fish were kept in stagnant water and fed brine shrimp
for the 2 weeks duration of the experiment. Tilapia juveniles
exposed to V. cholerae were found to be colonized by V. cholerae
within 24 h after exposure, with average intestinal counts for
all test strains varying between 107 cfu/intestine on day 1 post
infection to 10° cfufintestine 14 days after infection. V, cholerae
counts declined over time for all four strains (Figure 1A),
with a significant interaction seen between time and strain
(p < 0.001).There was no difference in concentration of different
test V. cholerae strains for the first 2 days. However, 3 and 7 days
after exposure, counts were lower for the Classical biotype than
those of the V. cholerae non-O1 strain (p < 0.05 — p < 0.001
depending on the day). One fish exposed to the V. cholerge O1
Classical biotype did not contain V. cholerae on day 7 (ie., below
the detection limit of 2.95 on a logo-scale). After 14 days, all
fish exposed to the V. cholerae O1 Classical biotype no longer
contained detectable levels of this strain, Both V. cholerae O1
El Tor and a AtoxT V. cholerae O1 El Tor, had lower counts
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FIGURE 1 | Mean counts of V. cholerae from two repetitions in tilapia intestines (A) count per fish, in water (B) count per mL, and absorbance of water (C) over time
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than the V. cholerae non-O1 strain (p < 0.05). Except for the
Classical biotype strain, strains survived in tilapia for 2 weeks
at constant levels. No V. cholerae was detected in the uninfected
control tilapia for the duration of the experiment.

Vibrio cholerae numbers in water were similar to numbers in
fish intestinal content. The Classical biotype was not detected
in water 1 week after exposure (Figure 1B). Counts in water
correlated with average counts in the fish intestine (Figure 2).
However, the average V. cholerae counts in water varied between
108 cfu/mL on day 1 to 108 cfu/mL 14 days after inoculation of
test strains and was higher than those observed in fish intestines.
No V. cholerae was isolated from water in the control beakers.

Optical density of water from beakers with fish exposed to
V. cholerae strains was considerably higher than the density in
aquaria with unexposed fish, even for the Classical biotype strain
after it was no longer detectable. Significant predictors of optical
density when analyzing only the four V. cholerae strains were
strain (p < 0.05) and time (p < 0.001). The Classical and El
Tor biotypes did not differ when adjusting for time, while the
AtoxT mutant of El Tor, and the non-O1 strains both differed
from the Classical strain but did not differ between themselves.
Optical water densities were lower at day 7 and 14 than during
day 1 (Figure 1C).

Survival of V. cholerae in Tilapia When
Water Was Changed Daily and Tilapia
Were Not Fed

In Experiment 2, fish were exposed to V. cholerae as described
above. However, in contrast to Experiment 1, the tilapia were
not fed and the water was changed daily. Thus, after the initial
infection only V. cholerae that multiplied in the intestine and
excreted by the fish would be detected in the water. With daily
water exchange and absence of feeding, tilapia were still colonized
byall strains of V. cholerae 24 h post infection with average counts
around 10° cfu/intestine (Figure 3A). Up to 2 days post infection,
there was no difference in colonization levels between strains
(p > 0.05). However, from day 3 post infection, the concentration
of the Classical biotype strain decreased significantly in the
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FIGURE 2 | Correlation between Log10 {cfu) in fish (x) and in water ().

fish intestines and was undetectable after 1 week (p < 0.001).
Despite the absence of feeding and with the constant daily water
exchange, tilapia remained colonized with the three other strains
of V. cholerae until the end of the 1 weeks, but the counts
dropped significantly from day to day, most significantly during
the first 7 days (p < 0.05). No V. chelerae growth was detected
in the uninfected control group. During the second week, 5-15%
mortality was recorded in all beakers probably due to starvation.

In Experiment 2, V. cholerae concentrations in water were
similar to those in the intestine, varying from 107 cfu/mL on
day one post infection to 10> cfu/mL 14 days after inoculation,
with significant daily decreases (p < 0.05). Like in the fish
intestine, the Classical biotype strain could no longer be detected
in the water after 1 week (Figure 3B). The other three strains
remained present in the water despite the daily water replacement
with fresh sterile water, suggesting continuous V. cholerae
multiplication, and excretion by the fish. No V. cholerae was
detected in the uninfected fish from the control beakers.

Overall, when tilapia were starved and water was exchanged
daily, the optical density of water in beakers containing
infected tilapia remained significantly higher than in the
control beakers where fish were not infected (p < 0.05).
The difference was more pronounced in the first week
(p < 0.001); however, in the second week of the experiment,
excretion levels decreased as the OD values from infected
groups became statistically similar to the OD values of the
uninfected control even though the numbers were higher than
that of the control (p > 0.05). There was no significant
difference between the four strains in terms of excretion
at any time point (p > 0.05). Despite the absence of the
Classical biotype strain in the second week, the OD values
in that aquarium remained similar to that of the other
strains (Figure 3C).

Survival of V. cholerae in Tilapia When
Water Was Changed Daily and Tilapia

Were Given Live Feed

In Experiment 3, fish were again infected with V. cholerae and
water was renewed daily. In contrast to Experiment 2, these
fish were also fed daily. V. cholerae counts in tilapia intestines,
counts in water, and the water OD measurements showed similar
values and trends as those recorded in Experiment 2 where
tilapia were starved (Figures 4A-C). However, there was no fish
mortality in Experiment 3 as compared to the Experiment 2
where fish were not fed.

Comparison of V. cholerae Counts in
Fish Guts and in Water Between the

Three Experiments

A comparison between the three experiments was made to
distinguish if feeding or water renewal influenced the survival of
V. cholerae in fish. In stagnant water (Experiment 1), V. cholerae
counts dropped from 107 to 10° cfu/mL and from 107 to
107 cfu/intestine in fish. However, in Experiments 2 and 3
where water was changed, V. cholerae in water decreased from
107 to 10% cfu/mL and gut counts ranged between 10% and
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10® cfufintestine, with significant daily decreases (p < 0.05).
When water was replaced daily with fresh sterile tap water
in Experiments 2 and 3, V. cholerae counts were statistically
similar both in water and intestines regardless of presence or
absence of feeding (p > 0.05; Figures 5A,B). This indicates that
in both water and tilapia intestines, feeding did not have any
impact on concentrations of V. cholerae (p > 0.05, Figure 5).
In contrast, higher V. cholerae counts were recovered in water
and intestine when water was not changed, ie, comparing
Experiment 1 with Experiments 2 and 3 (p < 0.05; Figures 5A,B).
This significant variation between the three experiments was due
to water renewal.

Throughout the experimental period, V. cholerae counts
in tilapia intestines were not statistically different between
Experiments 2 and 3 (p > 0.05); however, these counts were
significantly lower when compared with Experiment 1 at each
time point (p < 0.01). Furthermore, in water, the comparison
between experiments revealed that there was no significant
difference between the three experiments during the two first
days, but from day 3 to day 14, the change of water significantly
influenced bacterial counts (p < 0.001).

The OD values of water was higher when the experiment
was done in the same water as compared to when water was
changed daily (p < 0.05, Figure 5C). Apart from day one post
infection when OD values from the three experiments were
statistically similar, the absorbance of water differed significantly
in Experiment 1 when compared to Experiments 2 and 3
{(p < 0.001}, i.e,, OD values in Experiments 2 and 3 were not
statistically different (p > 0.05). We conclude that feeding had
no significant influence on the OD values but the change of water
did reduce the water turbidity overtime as the concentration of
V. cholerae decreased.

Transmission of V. cholerae Within

Tilapia Populations

As we observed a stable survival of V. cholerae over 2 weeks in
infected tilapia compared to the uninfected controls, a question
emerged whether the bacteria could be transmitted from infected
to naive tilapia. After 24 h of cohabitation with infected tilapia
(without feeding), average V. cholerae counts of 10° cfu/intestine
were observed in naive fish that were initially tested free of
V. cholerae. The concentration of V. cholerae found in naive
tilapia were similar for all four test strains (p > 0.05, Figure 6).

DISCUSSION

Experimental exposure model studies with V. cholerae in
zebrafish suggest that V. cholerae can colonize fish guts and
be transmitted among zebrafish populations (Runft et al., 2014;
Mitchell et al., 2017). Our results in tilapia are consistent with the
observations in zebrafish. High counts of the different strains of
V. cholerae in tilapia intestines were observed 24 h after exposure
as a sign of colonization. The sharp drop in V. cholerae counts
in fish and water between 24 and 48 h post inoculum in all three
colonization experiments could be due to natural shock of the
V. cholerae bacterial cells attributable to changed environments,

which may lead to a dormant state also known as viable but
not culturable (Kamruzzaman et al., 2010}, However, after day
2 to 3 post infection, concentrations of V. cholerae remained
more or less stable, demonstrating adaptation and survival in
the tilapia. Non-toxigenic strains, notably AtoxT of V. cholerae
Ol El Tor and the environmental non-Q1 strain, were also able
to colonize fish and persist over time. Intestinal colonization of
V. cholerae in humans requires production of the cholera TCP,
whose main virulence transcription activator is ToxT (Faruque
et al,, 1998; Sanchez and Holmgren, 2011). The fact that toxT
mutants and non-O1 strains of V. cholerae were found in
tilapia intestine over time is in accordance with observations
in zebrafish (Runft et al, 2014) and suggests that TCP is not
essential for V. cholerae colonization of fish. Moreover, studies
have discovered a novel flagella-mediated cytotoxin MakA which
is proposed to be involved in V. cholerae intestinal colonization
in zebrafish (Dongre et al,, 2018). V. cholerae strains used in our
study are wild types and possess a flagellum, so the secretion of
MakA protein associated with flagella could be involved in the
colonization of tilapia.

In Experiment 1, where fish were kept in stagnant water and
fed live brine shrimp (A. salina) free of V. cholerae, there were
high V. cholerae counts in intestines and water together with
high OD values. Since the infection dose (5 x 107} was the
same in all experiments, the higher concentrations of V. cholerae
observed in Experiment 1 compared to findings in Experiments
2 and 3, in which water was changed daily, were thought to
be associated with the continuous provision of brine shrimp,
as their presence could enhance attachment and multiplication
of V. cholerae in the fish intestine. The ADP-ribosylating cholix
toxin in V. cholerae has been shown to play an important role
in the survival of the organism in the aquatic environment and
facilitates its attachment to crustaceans, notably the brine shrimp.
Moreover, V. cholerae are known for their ability to attach to
chitin exoskeletons of shrimp, copepods and other crustaceans
that serve as substrate for their survival and multiplication
(Hugq et al., 1983; Tamplin et al,, 1990; Hood and Winter, 1997;
Patra and Mohamed, 2003). However, results in Experiment
3 where water was replaced on a daily basis and fish were
fed with the same live feed rejected the hypothesis that brine
shrimp could enhance colonization, because the change of water
was found to be the only significant variable associated with
V. cholerae concentrations.

Comparison of the three experiments shows that irrespective
of feeding and water exchange, tilapia were colonized by
environmental non-O1 V. cholerae as well as V. cholerae
seventh pandemic El Tor (7PET} strains and were isolated
beyond 2 weeks. This strongly suggests that in natural aquatic
environments, where fish can live in stagnant or running water
with presence of various feed items, tilapia may constitute a
reservoir of toxigenic, and non-toxigenic strains of V. cholerae.
It is worth noticing that the concentration of V. cholerae, ie.,
107 cfu per ml water in the beakers, was higher as compared
to concentrations that can be expected in natural aquatic
environments during non-cholera outbreak periods (Senderovich
et al,, 2010). In contrast, there are little data available about the
actual concentration of V. cholerae O1 in such environments. In
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a previous study, we did report that tilapia were able to live in
raw sewage and were found to carry V. cholerae O1 (Hounmanou
et al., 2016). Moreover, tilapia in our experiment were infected by
immersion and we therefore used a similar dose of 107 efu per
ml as in the zebrafish experiments (Runft et al.,, 2014; Mitchell
et al,, 2017) to ensure an uptake of the test strains. It is not known
how many V. cholerae cells fish ingest in natural water systems.
The high inoculum of V. cholerae used in this study could
enhance colonization and may represent a limitation of our study.
Nevertheless, even at low concentrations of V. cholerae similar
to natural conditions, like from day 7 in all our experiments
(10 CFU/intestine), tilapia remained colonized, with the O1 E1
Tor biotype maintaining the highest numbers. Furthermore, the
transmission experiment with naive tilapia placed in beakers with
tilapia carrying V. cholerae in the intestine showed that when
the naive tilapia were exposed to about 10%° cfu per mL water
they became infected and had similar bacterial concentrations
in their intestine after 24 h (Figure 6). It should be noted that
we did not determine the V. cholerae concentration in the water
in the transmission experiment (Figure 6) and that the stated
expected concentration in the water of 10> cfu per mL is based
on values found at day 2 in Experiment 2 (Figure 3B), where
infected tilapia were washed and transferred to beakers with
fresh water. Overall, the results indicate that irrespective of the
initial concentration of V. cholerae in water, tilapia can become
colonized with V. cholerae and act as a reservoir for transmission
and long-term survival.

Findings from Experiments 2 and 3 show that the
concentration in water after 1 week was around 101 to
10® cfu/mL similar to what has been reported in the natural
environmental waters (Senderovich et al, 2010). One week
later, the concentration of V. cholerae was around 10° to
10? cfu/mL. Despite a low concentration of V. cholerae in water
seen during the last 7 days and the continuous daily water
renewal, the OD values of the water in the beakers remained

higher than the OD values in the beakers of the control fish,
This suggests that the increased OD water values were due to
excreted material from the tilapia, i.e, stress-related discharges,
probably due to the initial high concentration of V. cholerae
in the water. V. cholerae are able to colonize tilapia over an
extended time span, multiply in the intestine, and be excreted
into the aquatic environment but a high initial concentration
could be stressful for the fish. We therefore suggest further
studies to explore lower infection doses administered possibly
by gavage to ensure sufficient uptake. Moreover, even when
the Classical biotype of V. cholerae was no longer detectable
in tilapia intestines and in water, the optical density of water
in those beakers remained higher than in the control beakers.
This is consitent with observations in zebrafish that heat-killed
V. cholerae still induced mild diarrhea in zebrafish (Mitchell
et al, 2017). This further suggests that the discharges and water
turbidity provoked by V. cholerae in tilapia is neither due to
cholera toxin genes nor to viability or biotype of V. cholerae
but probably caused by the stress generated by the high initial
infection dose of V. cholerae. Furthermore, the flagella-mediated
secretion of MakA cytotoxin was suggested as a source of toxicity
and death in zebrafish infected with wild-type V. cholerae
{Dongre et al., 2018).

The absence of Classical biotype V. cholerae after 1 week
and the persistence of the seventh cholera pandemic biotype El
Tor V. cholerae O1 strains is similar to findings in zebrafish
(Runft et al, 2014) and consistent with the rare isolation
or extinction of the Classical biotype in the ongoing cholera
pandemic (Echenberg, 2011; Weill et al, 2017). The El Tor
biotype and the non-O1 serogroup strains seem more fit in the
fish gut (aquatic environment) than the Classical O1 biotype
strains which may explain the increasing recovery of these strains
in most contemporary environmental studies (Hounmanou et al,
2016; Bwire et al, 2018). The persistence of V. cholerae O1
biotype El Tor in tilapia and water is of public health relevance
as it provides evidence of environmental survival of the current
pandemic El Tor biotype strains where they can emerge from and
cause epidemics. Furthermore, in vitro and in vivo experiments
have demonstrated that in the presence of glucose, V. cholerae
of the Classical biotype generates organic acids that inhibit their
growth, while the growth of El Tor biotype is enhanced due
to their ability to produce acetoin (2,3-butanediol}, a neutral
fermentation end product (Yoon and Mekalanos, 2006; Sengupta
et al, 2017; Nag et al, 2018). It could therefore, be that
carbohydrates present in the water of the beakers, e.g., droppings
from the tilapia, did facilitate glucose metabolism of V. cholerae,
resulting in loss of viability of the Classical biotype and survival
of El Tor biotype. Such unfavorable conditions may also cause
the strains, especially the Classical biotypes, to enter a dormant
state, known as viable but not culturable (VBNC) (Bari et al,,
2013; Xu et al,, 2018), which may be one explanation as to why
the Classical biotype strains were not detected after 1 week of
the experiments,

The concentrations of V. cholerae in tilapia intestines
correlated with those in the water. As the number of fish
in the beakers decreased over time, V. cholerae counts in
water decreased. This strong correlation (p < 0.0001) between
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counts in water and fish indicates that V. cholerae have reduced
ability to multiply in clean water (Colwell et al, 2003) as
compared to the intestine and is continuously excreted by the
fish host. Thus, the main significant predictor of V. cholerae
concentrations in water was the concentration of V. cholerae
in the fish intestine. Moreover, the observed similar V. cholerae
counts in water and in fish intestines in all experiments is
likely attributable to the fact that the beakers used as aquarium
provided a restrained space to the fish in a low volume of
water (2 L). When V. cholerae-free tilapia cohabitated with
infected tilapia in sterile water overnight, their intestine was also
colonized, providing evidence of transmission. The transmission
was not strain-dependent, as all the four test strains had
similar transmission rates, demonstrating that toxigenic and
nontoxigenic strains can equally be transmitted between tilapia
populations and that V. cholerae can survive and amplify in
tilapia, and also be disseminated from tilapia. Our findings
are similar to reports in zebrafish models (Runft et al., 2014).
Furthermore, the fact that naive tilapia became infected in the
transmission experiments substanciates again that tilapia were
effectively and stably colonized by V. cholerae that then was
disseminated between fish populations. Although only intestines
were studied in our experiments, other organs like gills and
skin could also play a significant role in the transmission
process as they would provide nutrients favoring colonization
of V. cholerae. However, previous studies have demonstrated
that intestines are the main factors involved in colonization
and transmission of V. cholerae in fish (Runft et al., 2014)
and fish were washed twice with sterile saline by rubbing
before the transmission experiment to remove external bacteria.
The potential epidemiological importance of this study is that
during a cholera outbreak, while all efforts are deployed toward
containing the epidemics at human level, fish may serve as
vehicle of dissemination of the bacteria in other areas, which
may subsequently be hit by the same outbreak even when
human patients are quarantined in the initial outbreak settings.
The possible role of fish in transmitting V. cholerae is further
supported by the findings that fish eating birds such as Great
cormorants have been found to carry and disperse V. cholerae in
space and time as they feed on infected fish and get colonized by
V. cholerae (Laviad -Shitrit et al., 2017).

In summary, we have demonstrated that toxigenic V. cholerae
Ol biotype El Tor and non-toxigenic strains of V. cholerae
colonized the intestines of tilapia and were transmitted to naive
tilapia, This study provides answers to a hypothesis posed in
a previous study (Halpern and Izhaki, 2017) that fish can
be colonized by Vibrio cholerae and subsequently horizontally
transfer V. cholerae to other fish within the same species, and
probably to other fish species. This suggests that V. cholerae
colonizes and persists in fish, and is transmitted between fish
in aquatic environments, which may influence the epidemiology
of cholera. Tilapia and other fish are potential reservoir
hosts involved in the survival, excretion and transmission of
V. cholerae in time and space. Cholera surveillance strategies

may need to be updated accordingly including analysis of fish
for the presence of V. cholerae O1 in aquatic environments.
We furthermore suggest further studies to confirm the role
of tilapia as an environmental reservoir host of V. cholerae
Ol biotype El Tor using lower infection doses administered
possibly by gavage to ensure sufficient uptake and limit
stress to the fish.
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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 ctxBl, 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-0139) (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 (Al-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.

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.

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.

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.

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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Vi.

Vii.

viil.

Eukaryotic and Prokaryotic genomes and will not be purely and solely V. cholerae (Manuscript
B).

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.

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.

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.

In the experimental studies, although fish remained colonized with about 10° 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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iXx. 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.
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5.2 Recommendations

Based on the findings of this project we propose the following:

Vi.

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
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

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.

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

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
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.
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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-0139 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.

117



References

Alam, M., Sultana, M., Nair, G. B., Sack, R. B., Sack, D. A., Siddique, A. K., et al. (2006). Toxigenic
Vibrio cholerae in the aquatic environment of Mathbaria, Bangladesh. Applied and

Environmental Microbiology 72, 2849-2855. doi:10.1128/AEM.72.4.2849-2855.2006.

Ali, M., Nelson, A. R., Lopez, A. L., and Sack, D. A. (2015). Updated global burden of cholera in
endemic countries. PLOS Neglected Tropical Diseases 9, e0003832.

doi:10.1371/journal.pntd.0003832.

Aliabad, N. H., Bakhshi, B., Pourshafie, M. R., Sharifnia, A., and Ghorbani, M. (2012). Molecular
diversity of CTX prophage in Vibrio cholerae: CTX prophage in Vibrio cholerae. Letters in

Applied Microbiology 55, 27-32. doi:10.1111/j.1472-765X.2012.03253.X.

Armitage, P. D., Pinder, L. C., and Cranston, P. eds. (1995). The Chironomidae: Biology and ecology of
non-biting midges. Springer Netherlands Available at:

https://www.springer.com/gp/book/9780412452604 [Accessed July 22, 2019].

Azman, A. S., Moore, S. M., and Lessler, J. (2019). Surveillance and the global fight against cholera:

Setting priorities and tracking progress. Vaccine. doi:10.1016/j.vaccine.2019.06.037.

Azurin, J. C., Kobari, K., Barua, D., Alvero, M., Gomez, C. Z., Dizon, J. J., et al. (1967). A long-term
carrier of cholera: Cholera Dolores. Bulletin of the World Health Organization 37, 745-749.
Available at: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2554929/ [Accessed July 23,

2019].

118



Bakhshi, B., Pourshafie, M. R., Navabakbar, F., and Tavakoli, A. (2008). Genomic organisation of the
CTX element among toxigenic Vibrio cholerae isolates. Clinical Microbiology and Infection 14,

562-568. d0i:10.1111/j.1469-0691.2008.01976.x.

Bari, S. M. N., Roky, M. K., Mohiuddin, M., Kamruzzaman, M., Mekalanos, J. J., and Faruque, S. M.
(2013). Quorum-sensing autoinducers resuscitate dormant Vibrio cholerae in environmental
water samples. Proceedings of the National Academy of Sciences 110, 9926-9931.

d0i:10.1073/pnas.1307697110.

Bayliss, S. C., Verner-Jeffreys, D. W., Bartie, K. L., Aanensen, D. M., Sheppard, S. K., Adams, A., et
al. (2017). The Promise of whole genome pathogen sequencing for the molecular epidemiology

of emerging aquaculture pathogens. Frontiers in Microbiology 8. doi:10.3389/fmicb.2017.00121.

Beyhan, S., Tischler, A. D., Camilli, A., and Yildiz, F. H. (2006). differences in gene expression between
the Classical and El Tor biotypes of Vibrio cholerae O1. Infection and Immunity 74, 3633-3642.

doi:10.1128/1A1.01750-05.

Bi, Q., Abdalla, F. M., Masauni, S., Reyburn, R., Msambazi, M., Deglise, C., et al. (2018). The
epidemiology of cholera in Zanzibar: implications for the Zanzibar comprehensive cholera

elimination plan. Journal of Infectious Diseases. doi:10.1093/infdis/jiy500.

Bompangue, D., Giraudoux, P., Handschumacher, P., Piarroux, M., Sudre, B., Ekwanzala, M., et al.
(2008). Lakes as source of cholera outbreaks, Democratic Republic of Congo. Emerging

Infectious Diseases 14, 798-800. doi:10.3201/eid1405.071260.

119



Broza, M., Gancz, H., Halpern, M., and Kashi, Y. (2005). Adult non-biting midges: possible windborne
carriers of Vibrio cholerae non-O1 non-0139. Environmental Microbiology 7, 576-585.

d0i:10.1111/j.1462-2920.2005.00745.X.

Brumfield, K. D., Carignan, B. M., and Son, M. S. (2018). "Genotypic and phenotypic assays to
distinguish Vibrio cholerae biotype,” in Vibrio Cholerae Methods in Molecular Biology.

(Humana Press, New York, NY), 11-28. doi:10.1007/978-1-4939-8685-9 2.

Bwire, G., Debes, A. K., Orach, C. G., Kagirita, A., Ram, M., Komakech, H., et al. (2018). Environmental
surveillance of Vibrio cholerae 01/0139 in the five African Great Lakes and other major surface

water sources in Uganda. Frontiers in Microbiology 9. doi:10.3389/fmicbh.2018.01560.

Chin, C.-S., Sorenson, J., Harris, J. B., Robins, W. P., Charles, R. C., Jean-Charles, R. R., et al. (2011).
The origin of the Haitian cholera outbreak strain. New England Journal of Medicine 364, 33-42.

doi:10.1056/NEJM0a1012928.

Chun, J., Grim, C. J., Hasan, N. A., Lee, J. H., Choi, S. Y., Haley, B. J., et al. (2009). Comparative
genomics reveals mechanism for short-term and long-term clonal transitions in pandemic Vibrio

cholerae. PNAS 106, 15442—-15447. doi:10.1073/pnas.0907787106.

Colwell, R. R., Hug, A., Islam, M. S., Aziz, K. M. A., Yunus, M., Khan, N. H., et al. (2003). Reduction
of cholera in Bangladeshi villages by simple filtration. Proc Natl Acad Sci U S A 100, 1051-1055.

d0i:10.1073/pnas.0237386100.

Colwell, R. R., Kaper, J., and Joseph, S. W. (1977). Vibrio cholerae, Vibrio parahaemolyticus, and other

vibrios: occurrence and distribution in Chesapeake Bay. Science 198, 394-396.

120



Constantin de Magny, G., and Colwell, R. R. * (2009). Cholera and climate: A demonstrated relationship.
Transactions of the American Clinical and Climatological Association 120, 119-128. Available

at: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2744514/ [Accessed July 27, 2019].

Dalsgaard, A., Serichantalergs, O., Forslund, A., Lin, W., Mekalanos, J., Mintz, E., et al. (2001). Clinical
and environmental isolates of Vibrio cholerae serogroup 0141 carry the CTX phage and the
genes encoding the Toxin-Coregulated Pili. Journal of Clinical Microbiology 39, 4086-4092.

d0i:10.1128/JCM.39.11.4086-4092.2001.

Dalusi, L., Lyimo, T. J., Lugomela, C., Hosea, K. M. M., and Sjéling, S. (2015). Toxigenic Vibrio
cholerae identified in estuaries of Tanzania using PCR techniques. FEMS Microbiology Letters

362. doi:10.1093/femsle/fnv009.

Devault, A. M., Golding, G. B., Waglechner, N., Enk, J. M., Kuch, M., Tien, J. H., et al. (2014). Second-
pandemic strain of Vibrio cholerae from the Philadelphia cholera outbreak of 1849. New England

Journal of Medicine 370, 334—-340. doi:10.1056/NEJM0al1308663.

Domman, D., Chowdhury, F., Khan, A. I., Dorman, M. J., Mutreja, A., Uddin, M. 1., et al. (2018).
Defining endemic cholera at three levels of spatiotemporal resolution within Bangladesh. Nature

Genetics 50, 951-955. doi:10.1038/s41588-018-0150-8.

Domman, D., Quilici, M.-L., Dorman, M. J., Njamkepo, E., Mutreja, A., Mather, A. E., et al. (2017).
Integrated view of Vibrio cholerae in the Americas. Science 358, 789-793.

doi:10.1126/science.aa02136.

121



Dutilh, B. E., Thompson, C. C., Vicente, A. C., Marin, M. A., Lee, C., Silva, G. G,, et al. (2014).
Comparative genomics of 274 Vibrio cholerae genomes reveals mobile functions structuring

three niche dimensions. BMC Genomics 15. doi:10.1186/1471-2164-15-654.

Dziejman, M., Serruto, D., Tam, V. C., Sturtevant, D., Diraphat, P., Faruque, S. M., et al. (2005).
Genomic characterization of non-O1, non-O139 Vibrio cholerae reveals genes for a type Il

secretion system. PNAS 102, 3465-3470. doi:10.1073/pnas.0409918102.

Echenberg, M. J. (2011). Africa in the time of cholera: a history of pandemics from 1817 to the present.

New York: Cambridge University Press.

Emch, M., Feldacker, C., Islam, M. S., and Ali, M. (2008). Seasonality of cholera from 1974 to 2005: a
review of global patterns. International Journal of Health Geographics 7, 31. doi:10.1186/1476-

072X-7-31.

Fang, L., Ginn, A. M., Harper, J., Kane, A. S., and Wright, A. C. (2019). Survey and genetic
characterization of Vibrio cholerae in Apalachicola Bay, Florida (2012-2014). Journal of Applied

Microbiology 126, 1265-1277. doi:10.1111/jam.14199.

Farugue, S. M., Albert, M. J., and Mekalanos, J. J. (1998). Epidemiology, genetics, and ecology of

toxigenic Vibrio cholerae. Microbiology and. Molecular Biology Reviews 62, 1301-1314.

Faruque, S. M., Chowdhury, N., Kamruzzaman, M., Ahmad, Q. S., Faruque, A. S. G., Salam, M. A, et
al. (2003). Reemergence of epidemic Vibrio cholerae 0139, Bangladesh. Emerging Infectious

Diseases 9, 1116-1122. doi:10.3201/eid0909.020443.

122



Faruque, S. M., and Mekalanos, J. J. (2012). Phage-bacterial interactions in the evolution of toxigenic

Vibrio cholerae. Virulence 3, 556-565. doi:10.4161/viru.22351.

Ghosh-Banerjee, J., Senoh, M., Takahashi, T., Hamabata, T., Barman, S., Koley, H., et al. (2010).
Cholera toxin production by the El Tor Variant of Vibrio cholerae O1 compared to prototype El
Tor and Classical biotypes. Journal of Clinical Microbiology 48, 4283-4286.

d0i:10.1128/JCM.00799-10.

Gong, L., Yu, P, Zheng, H., Gu, W., He, W., Tang, Y., et al. (2018). Comparative genomics for non-
01/0139 Vibrio cholerae isolates recovered from the Yangtze river estuary versus V. cholerae
representative isolates from serogroup O1. Molecular Genetics Genomics doi:10.1007/s00438-

018-1514-6.

Grad, Y. H., and Waldor, M. K. (2013). Deciphering the origins and tracking the evolution of cholera
epidemics with whole-genome-based molecular epidemiology. mBio 4, e00670-13.

d0i:10.1128/mBi0.00670-13.

Griffith, D. C., Kelly-Hope, L. A., and Miller, M. A. (2006). Review of reported cholera outbreaks

worldwide, 1995-2005. American Journal of Tropical Medicine and Hygiene 75, 973-977.

Haley, B. J., Choi, S. Y., Grim, C. J., Onifade, T. J., Cinar, H. N., Tall, B. D., et al. (2014). Genomic and
phenotypic characterization of Vibrio cholerae non-O1 isolates from a US Gulf Coast cholera

outbreak. PLoS ONE 9, e86264. doi:10.1371/journal.pone.0086264.

Halpern, M., Broza, Y. B., Mittler, S., Arakawa, E., and Broza, M. (2004). Chironomid egg masses as a
natural reservoir of Vibrio cholerae non-O1 and non-O139 in freshwater habitats. Microbial

Ecology 47. doi:10.1007/s00248-003-2007-6.

123



Halpern, M., and lIzhaki, I. (2017). Fish as hosts of Vibrio cholerae. Frontiers in Microbiology 8.

doi:10.3389/fmich.2017.00282.

Heidelberg, J. F., Eisen, J. A., Nelson, W. C., Clayton, R. A., Gwinn, M. L., Dodson, R. J., et al. (2000).
DNA sequence of both chromosomes of the cholera pathogen Vibrio cholerae. Nature 406, 477—

483. doi:10.1038/35020000.

Hendriksen, R. S., Bortolaia, V., Tate, H., Tyson, G. H., Aarestrup, F. M., and McDermott, P. F. (2019).
Using genomics to track global antimicrobial resistance. Frontiers in Public Health 7.

d0i:10.3389/fpubh.2019.00242.

Hendriksen, R. S., Price, L. B., Schupp, J. M., Gillece, J. D., Kaas, R. S., Engelthaler, D. M., et al. (2011).
Population genetics of Vibrio cholerae from Nepal in 2010: Evidence on the origin of the Haitian

outbreak. mBio 2. doi:10.1128/mBi0.00157-11.

Hossain, Z. Z., Farhana, 1., Tulsiani, S. M., Begum, A., and Jensen, P. K. M. (2018). Transmission and
toxigenic potential of Vibrio cholerae in Hilsha fish (Tenualosa ilisha) for human consumption

in Bangladesh. Frontiers in Microbiology 9. doi:10.3389/fmicb.2018.00222.

Hounmanou, Y. M. G., Leekitcharoenphon, P., Hendriksen, R. S., Dougnon, T. V., Mdegela, R. H.,
Olsen, J. E., et al. (2019a). Surveillance and genomics of toxigenic Vibrio cholerae O1 from fish,
phytoplankton and water in Lake Victoria, Tanzania. Frontiers in Microbiology 10.

d0i:10.3389/fmich.2019.00901.

Hounmanou, Y. M. G., Mdegela, R. H., Dougnon, T. V., Madsen, H., Withey, J. H., Olsen, J. E., et al.

(2019b). Tilapia (Oreochromis niloticus) as a putative reservoir host for survival and transmission

124



of Vibrio cholerae O1 biotype El Tor in the aquatic environment. Frontiers in Microbiology 10.

d0i:10.3389/fmich.2019.01215.

Hounmanou, Y. M. G., Mdegela, R. H., Dougnon, T. V., Mhongole, O. J., Mayila, E. S., Malakalinga,
J., et al. (2016). Toxigenic Vibrio cholerae O1 in vegetables and fish raised in wastewater
irrigated fields and stabilization ponds during a non-cholera outbreak period in Morogoro,
Tanzania: an environmental health study. BMC Research Notes 9. d0i:10.1186/s13104-016-2283-

0.

Hug, A., West, P. A., Small, E. B., Hug, M. I, and Colwell, R. R. (1984). Influence of water temperature,
salinity, and pH on survival and growth of toxigenic Vibrio cholerae serovar 01 associated with

live copepods in laboratory microcosms. Applied and Environmental Microbiology 48, 420-424.

Ingelbeen, B., Hendrickx, D., Miwanda, B., van der Sande, M. A. B., Mossoko, M., Vochten, H., et al.
(2019). Recurrent cholera outbreaks, Democratic Republic of the Congo, 2008-2017. Emerging

Infectious Diseases 25, 856—-864. doi:10.3201/eid2505.181141.

Islam, M. S., Islam, M. S., Mahmud, Z. H., Cairncross, S., Clemens, J. D., and Collins, A. E. (2015).
Role of phytoplankton in maintaining endemicity and seasonality of cholera in Bangladesh.
Transactions of The Royal Society of Tropical Medicine and Hygiene 109, 572-578.

doi:10.1093/trstmh/trv057.

Islam, M. S., Zaman, M. H., Islam, M. S., Ahmed, N., and Clemens, J. D. (2019). Environmental

reservoirs of Vibrio cholerae. Vaccine. doi:10.1016/j.vaccine.2019.06.033.

125



Kachwamba, Y., Mohammed, A. A., Lukupulo, H., Urio, L., Majigo, M., Mosha, F., et al. (2017).
Genetic characterization of Vibrio cholerae O1 isolates from outbreaks between 2011 and 2015

in Tanzania. BMC Infectious Diseases 17. doi:10.1186/s12879-017-2252-9.

Kamruzzaman, M., Udden, S. M. N., Cameron, D. E., Calderwood, S. B., Nair, G. B., Mekalanos, J. J.,
et al. (2010). Quorum-regulated biofilms enhance the development of conditionally viable,
environmental Vibrio cholerae. Proceedings of the National Academy of Sciences 107, 1588—

1593. d0i:10.1073/pnas.0913404107.

Katz, L. S., Petkau, A., Beaulaurier, J., Tyler, S., Antonova, E. S., Turnsek, M. A., et al. (2013).
Evolutionary dynamics of Vibrio cholerae O1 following a single-source introduction to Haiti.

mBio 4, e00398-13. doi:10.1128/mBi0.00398-13.

Kim, E. J., Lee, C. H., Nair, G. B., and Kim, D. W. (2015). Whole-genome sequence comparisons reveal
the evolution of Vibrio cholerae O1. Trends in Microbiology 23, 479-489.

d0i:10.1016/j.tim.2015.03.010.

Kim, E. J., Lee, D., Moon, S. H., Lee, C. H., Kim, S. J,, Lee, J. H., et al. (2014). Molecular insights into
the evolutionary pathway of Vibrio cholerae O1 atypical El Tor variants. PLoS Pathogens 10,

€1004384. doi:10.1371/journal.ppat.1004384.

Kishe, M. A., and Machiwa, J. F. (2003). Distribution of heavy metals in sediments of Mwanza Gulf of
Lake Victoria, Tanzania. Environment International 28, 619-625. doi:10.1016/S0160-

4120(02)00099-5.

126



Laviad -Shitrit, S., Lev-Ari, T., Katzir, G., Sharaby, Y., Izhaki, 1., and Halpern, M. (2017). Great
cormorants (Phalacrocorax carbo) as potential vectors for the dispersal of Vibrio cholerae.

Scientific Reports 7. doi:10.1038/s41598-017-08434-8.

Laviad-Shitrit, S., lzhaki, I., and Halpern, M. (2019). Accumulating evidence suggests that some
waterbird species are potential vectors of Vibrio cholerae. PLOS Pathogens 15, €1007814.

doi:10.1371/journal.ppat.1007814.

Lemaitre, J., Pasetto, D., Perez-Saez, J., Sciarra, C., Wamala, J. F., and Rinaldo, A. (2019). Rainfall as a
driver of epidemic cholera: Comparative model assessments of the effect of intra-seasonal

precipitation events. Acta Tropica 190, 235-243. doi:10.1016/j.actatropica.2018.11.013.

Lessler, J., Moore, S. M., Luquero, F. J., McKay, H. S., Grais, R., Henkens, M., et al. (2018). Mapping
the burden of cholera in sub-Saharan Africa and implications for control: an analysis of data

across geographical scales. The Lancet 391, 1908-1915. doi:10.1016/S0140-6736(17)33050-7.

Li, Z., Pang, B., Wang, D., Li, J., Xu, J,, Fang, Y., et al. (2019). Expanding dynamics of the virulence-
related gene variations in the toxigenic Vibrio cholerae serogroup O1. BMC Genomics 20.

d0i:10.1186/s12864-019-5725-y.

Lipp, E. K., Hug, A., and Colwell, R. R. (2002). Effects of global climate on infectious disease: the
cholera model. Clinical Microbiology Reviews 15, 757-770. doi:10.1128/CMR.15.4.757-

770.2002.

Lonappan, S., Golecha, R., and Balakrish Nair, G. (2019). Contrasts, contradictions and control of

cholera. Vaccine. doi:10.1016/j.vaccine.2019.08.022.

127



Lugongo, B. (2019). Tanzania: government move to Dodoma now at 86 per cent. Tanzania Daily News
(Dar es Salaam). Available at: https://allafrica.com/stories/201902060401.html [Accessed July

8, 2019].

Lutz, C., Erken, M., Noorian, P., Sun, S., and McDougald, D. (2013). Environmental reservoirs and
mechanisms of persistence of Vibrio cholerae. Frontiers in Microbiology 4.

d0i:10.3389/fmich.2013.00375.

Mbwette, T. S. (1987). Cholera outbreaks in Tanzania. Journal of the Royal Society of Health 107, 134—

136.

Mengel, M. A., Delrieu, I., Heyerdahl, L., and Gessner, B. D. (2014). “Cholera outbreaks in Africa,” in
Cholera Outbreaks, eds. G. B. Nair and Y. Takeda (Berlin, Heidelberg: Springer Berlin

Heidelberg), 117—144. doi:10.1007/82_2014 3609.

Mitchell, K. C., Breen, P., Britton, S., Neely, M. N., and Withey, J. H. (2017). Quantifying Vibrio
cholerae enterotoxicity in a Zebrafish infection model. Applied and Environmental Microbiology

83, e00783-17. d0i:10.1128/AEM.00783-17.

Mohammadi barzelighi, H., Isfahan, IR Iran, Bakhshi, B., Tehran, IR Iran, Boustanshenas, M., and
Tehran, IR Iran (2016). Genetic determinants differences between Vibrio cholerae biotypes.

Infection, Epidemiology and Medicine 2, 26-30. doi:10.18869/modares.iem.2.2.26.

Moore, S., Dongdem, A. Z., Opare, D., Cottavoz, P., Fookes, M., Sadji, A. Y., et al. (2018). Dynamics
of cholera epidemics from Benin to Mauritania. PLOS Neglected Tropical Diseases 12,

e0006379. doi:10.1371/journal.pntd.0006379.

128



Moore, S., Miwanda, B., Sadji, A. Y., Thefenne, H., Jeddi, F., Rebaudet, S., et al. (2015). Relationship
between distinct African cholera epidemics revealed via MLVA haplotyping of 337 Vibrio
cholerae isolates. PLOS Neglected Tropical Diseases 9, e0003817.

doi:10.1371/journal.pntd.0003817.

Mutreja, A., and Dougan, G. (2019). Molecular epidemiology and intercontinental spread of cholera.

Vaccine. doi:10.1016/j.vaccine.2019.07.038.

Mutreja, A., Kim, D. W., Thomson, N., Connor, T. R., Lee, J. H., Kariuki, S., et al. (2011). Evidence for
multiple waves of global transmission within the seventh cholera pandemic. Nature 477, 462—

465. doi:10.1038/nature10392.

Naha, A., Chowdhury, G., Ghosh-Banerjee, J., Senoh, M., Takahashi, T., Ley, B., etal. (2013). Molecular
characterization of high-level-cholera-toxin-producing El Tor variant Vibrio cholerae strains in
the Zanzibar archipelago of Tanzania. Journal of Clinical Microbiology 51, 1040-1045.

d0i:10.1128/JCM.03162-12.

Naha, A., Pazhani, G. P., Ganguly, M., Ghosh, S., Ramamurthy, T., Nandy, R. K., et al. (2012).
Development and evaluation of a PCR assay for tracking the emergence and dissemination of
Haitian variant ctxB in Vibrio cholerae O1 strains isolated from Kolkata, India. Journal of

Clinical Microbiology 50, 1733-1736. doi:10.1128/JCM.00387-12.

Narendrakumar, L., Gupta, S. S., Johnson, J. B., Ramamurthy, T., and Thomas, S. (2019). Molecular
adaptations and antibiotic resistance in Vibrio cholerae: A Communal Challenge. Microbial

Drug Resistance 25, 1012-1022. doi:10.1089/mdr.2018.0354.

129



NBS (2012). Tanzania Census 2012 - National Bureau of Statistics. Available at:

http://dataforall.org/dashboard/tanzania/ [ Accessed October 29, 2018].

Nelson, E. J., Harris, J. B., Glenn Morris, J., Calderwood, S. B., and Camilli, A. (2009). Cholera
transmission: the host, pathogen and bacteriophage dynamic. Nature Reviews Microbiology 7,

693-702. doi:10.1038/nrmicro2204.

Nkoko, D., Giraudoux, P., Plisnier, P.-D., Tinda, A., Piarroux, M., Sudre, B., et al. (2011). Dynamics of
cholera outbreaks in Great Lakes Region of Africa, 1978-2008. Emerging Infectious Diseases

17. doi:10.3201/eid1711.110170.

Ogwok, P., Muyonga, J. H., and Sserunjogi, M. L. (2009). Pesticide residues and heavy metals in Lake
Victoria Nile Perch, Lates niloticus, belly flap oil. Bulletin Environmental Contamination and

Toxicology 82, 529-533. doi:10.1007/s00128-009-9668-X.

Olago, D., Marshall, M., Wandiga, S. O., Opondo, M., Yanda, P. Z., Kanalawe, R., et al. (2007). Climatic,
socio-economic, and health factors affecting human vulnerability to cholera in the Lake Victoria

basin, East Africa. Ambio 36, 350-358.

Pal, B. B., Khuntia, H. K., Nayak, S. R., Mohanty, A., and Biswal, B. (2017). Vibrio cholerae O1 Ogawa
strains carrying the ctxB7 Allele caused a large cholera outbreak during 2014 in the tribal areas
of Odisha, India. Japanese Journal of Infectious Diseases 70, 549-553.

doi:10.7883/yoken.JJI1D.2016.585.

Paz, S. (2009). Impact of temperature variability on cholera incidence in southeastern Africa, 1971-2006.

Ecohealth 6, 340-345. doi:10.1007/s10393-009-0264-7.

130



Phelps, M. D., Azman, A. S., Lewnard, J. A., Antillén, M., Simonsen, L., Andreasen, V., et al. (2017).
The importance of thinking beyond the water-supply in cholera epidemics: A historical urban
case-study. PLOS Neglected Tropical Diseases 11, e0006103.

doi:10.1371/journal.pntd.0006103.

Phelps, M., Perner, M. L., Pitzer, V. E., Andreasen, V., Jensen, P. K. M., and Simonsen, L. (2018).
Cholera epidemics of the past offer new insights into an old enemy. The Journal of Infectious

Diseases 217, 641-649. doi:10.1093/infdis/jix602.

Plisnier, P.-D., Poncelet, N., Cocquyt, C., De Boeck, H., Bompangue, D., Naithani, J., et al. (2015).

Cholera outbreaks at Lake Tanganyika induced by Climate Change?.

Rabia, A., Wambura, P., Misinzo, G., Kimera, S., Mdegela, R., Mzula, A., et al. (2017). Molecular
epidemiology of Vibrio cholerae recovered from sewage drains, captured fish and humans in
2015/16 cholera outbreak in Zanzibar, Tanzania. Journal of Advances in Microbiology 5, 1-11.

doi:10.9734/JAMB/2017/36036.

Rahaman, M. H., Islam, T., Colwell, R. R., and Alam, M. (2015). Molecular tools in understanding the

evolution of Vibrio cholerae. Frontiers in Microbiology 6. doi:10.3389/fmicb.2015.01040.

Rajasingham, A., Hardy, C., Kamwaga, S., Sebunya, K., Massa, K., Mulungu, J., et al. (2019). Evaluation
of an emergency bulk chlorination project targeting drinking water vendors in cholera-affected
wards of Dar es Salaam and Morogoro, Tanzania. American Journal of Tropical Medicine and.

Hygiene doi:10.4269/ajtmh.18-0734.

131



Ramamurthy, T., Mutreja, A., Weill, F.-X., Das, B., Ghosh, A., and Nair, G. B. (2019). Revisiting the
global epidemiology of cholera in conjunction with the genomics of Vibrio cholerae. Frontiers

in Public Health 7. doi:10.3389/fpubh.2019.00203.

Rashed, S. M., Igbal, A., Mannan, S. B., Islam, T., Rashid, M., Johura, F., et al. (2013). Vibrio cholerae
O1 El Tor and 0139 Bengal strains carrying ctxBET, Bangladesh. Emerging Infectious Diseases

19, 1713-1715. doi:10.3201/eid1910.130626.

Rashid, M., Rashed, S. M., Islam, T., Johura, F.-T., Watanabe, H., Ohnishi, M., et al. (2016). CtxB1
outcompetes CtxB7 in Vibrio cholerae O1, Bangladesh. Journal of Medical Microbiology 65,

101-103. doi:10.1099/jmm.0.000190.

Ratchford, C., and Wang, J. (2019). Modeling cholera dynamics at multiple scales: environmental
evolution, between-host transmission, and within-host interaction. Mathematical and Biosciences

Engineering 16, 782-812. doi:10.3934/mbe.2019037.

Rebaudet, S., Sudre, B., Faucher, B., and Piarroux, R. (2013). Environmental determinants of cholera
outbreaks in inland Africa: a systematic review of main transmission foci and propagation routes.

Journal of Infectious Diseases 208 Suppl 1, S46-54. doi:10.1093/infdis/jit195.

Reidl, J., and Klose, K. E. (2002). Vibrio cholerae and cholera: out of the water and into the host. FEMS

Microbiology Reviews 26, 125-139.

Reimer, A., Domselaar, G., Stroika, S., Walker, M., Kent, H., Tarr, C., et al. (2011). Comparative
genomics of Vibrio cholerae from Haiti, Asia, and Africa. Emerging Infectious Diseases 17.

d0i:10.3201/eid1711.110794.

132



Reyburn, R., Kim, D. R., Emch, M., Khatib, A., von Seidlein, L., and Ali, M. (2011). Climate variability
and the outbreaks of cholera in Zanzibar, East Africa: a time series analysis. American Journal

of Tropical Medicine and Hygiene 84, 862-869. doi:10.4269/ajtmh.2011.10-0277.

Rinaldo, A., Bertuzzo, E., Mari, L., Righetto, L., Blokesch, M., Gatto, M., et al. (2012). Reassessment
of the 2010-2011 Haiti cholera outbreak and rainfall-driven multiseason projections. Proceedings

of the National Academy of Sciences 109, 6602—-6607. doi:10.1073/pnas.1203333109.

Robins, W. P., and Mekalanos, J. J. (2014). Genomic science in understanding cholera outbreaks and
evolution of Vibrio cholerae as a human pathogen. Current Topics in Microbiology and

Immunology 379, 211-229. doi:10.1007/82_2014 366.

Runft, D. L., Mitchell, K. C., Abuaita, B. H., Allen, J. P., Bajer, S., Ginsburg, K., et al. (2014). Zebrafish
as a natural host model for Vibrio cholerae colonization and transmission. Applied and

Environmental Microbiology 80, 1710-1717. doi:10.1128/AEM.03580-13.

Safa, A., Nair, G. B., and Kong, R. Y. C. (2010). Evolution of new variants of Vibrio cholerae O1. Trends

Microbiol. 18, 46-54. doi:10.1016/j.tim.2009.10.003.

Sanchez, J., and Holmgren, J. (2011). Cholera toxin - a foe & a friend. Indian Journal of Medical

Research 133, 153-163.

Sasaki, S., Suzuki, H., Igarashi, K., Tambatamba, B., and Mulenga, P. (2008). Spatial analysis of risk
factor of cholera outbreak for 2003-2004 in a peri-urban area of Lusaka, Zambia. American

Journal of Tropical Medicine and Hygiene 79, 414-421.

133



Seed, K. D., Lazinski, D. W., Calderwood, S. B., and Camilli, A. (2013). A bacteriophage encodes its
own CRISPR/Cas adaptive response to evade host innate immunity. Nature 494, 489-491.

doi:10.1038/nature11927.

Senderovich, Y., Izhaki, 1., and Halpern, M. (2010). Fish as reservoirs and vectors of Vibrio cholerae.

PLoS ONE 5, €8607. doi:10.1371/journal.pone.0008607.

Shimada, T., Arakawa, E., Itoh, K., Okitsu, T., Matsushima, A., Asai, Y., et al. (1994). Extended
serotyping scheme for Vibrio cholerae. Current Microbiology 28, 175-178.

doi:10.1007/BF01571061.

Siriphap, A., Leekitcharoenphon, P., Kaas, R. S., Theethakaew, C., Aarestrup, F. M., Sutheinkul, O., et
al. (2017). Characterization and genetic variation of Vibrio cholerae isolated from clinical and
environmental sources in Thailand. PLOS ONE 12, e0169324.

doi:10.1371/journal.pone.0169324.

Spagnoletti, M., Ceccarelli, D., Rieux, A., Fondi, M., Taviani, E., Fani, R., et al. (2014). Acquisition and
evolution of SXT-R391 integrative conjugative elements in the Seventh-Pandemic Vibrio

cholerae lineage. mBio 5, e01356-14. doi:10.1128/mBi0.01356-14.

Stoltzfus, J. D., Carter, J. Y., Akpinar-Elci, M., Matu, M., Kimotho, V., Giganti, M. J., et al. (2014).
Interaction between climatic, environmental, and demographic factors on cholera outbreaks in

Kenya. Infectious Diseases of Poverty 3, 37. doi:10.1186/2049-9957-3-37.

Tamplin, M. L., Gauzens, A. L., Hug, A., Sack, D. A., and Colwell, R. R. (1990). Attachment of Vibrio

cholerae serogroup O1 to zooplankton and phytoplankton of Bangladesh waters. Applied and

134



Environmental Microbiology 56, 1977-1980. Available at:

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC184543/ [Accessed April 9, 2018].

Treerup, S. L. M., Ortiz, R. A., and Markandya, A. (2011). The Costs of climate change: A study of
cholera in Tanzania. International Journal of Environmental Research and Public Health 8,

4386—4405. doi:10.3390/ijerph8124386.

Vezzulli, L., Pruzzo, C., Hug, A., and Colwell, R. R. (2010). Environmental reservoirs of Vibrio cholerae
and their role in cholera: Environmental reservoirs of V. cholerae. Environmental Microbiology

Reports 2, 27-33. d0i:10.1111/j.1758-2229.2009.00128.x.

Vital, M., Fuchslin, H. P., Hammes, F., and Egli, T. (2007). Growth of Vibrio cholerae O1 Ogawa Eltor
in freshwater. Microbiology (Reading, Engl.) 153, 1993-2001. doi:10.1099/mic.0.2006/005173-

0.

Wang, R., Yu, D., Yue, J., and Kan, B. (2016). Variations in SXT elements in epidemic Vibrio cholerae

OL1 El Tor strains in China. Scientific Reports 6. doi:10.1038/srep22733.

Weil, A. A., and Ryan, E. T. (2018). Cholera: recent updates. Current Opinion in Infectious Diseases

doi:10.1097/QC0O.0000000000000474.

Weill, F.-X., Domman, D., Njamkepo, E., Almesbahi, A. A., Naji, M., Nasher, S. S., et al. (2019).
Genomic insights into the 2016-2017 cholera epidemic in Yemen. Nature 565, 230.

doi:10.1038/s41586-018-0818-3.

135



Weill, F.-X., Domman, D., Njamkepo, E., Tarr, C., Rauzier, J., Fawal, N., et al. (2017). Genomic history
of the seventh pandemic of cholera in Africa. Science 358, 785-789.

doi:10.1126/science.aad5901.

Wendel, J. (2015). Climate change predicted to worsen spread of cholera. Eos. Available at:
https://eos.org/articles/climate-change-predicted-worsen-spread-cholera [Accessed September

23, 2019].

WHO  (2017). Ending cholera. A global roadmap to 2030. Available at:

http://www.who.int/cholera/publications/global-roadmap/en/ [Accessed October 15, 2018].

WHO (2018a). Cholera — United Republic of Tanzania. WHO. Available at:

http://www.who.int/csr/don/12-january-2018-cholera-tanzania/en/ [Accessed October 15, 2018].

WHO (2018b). WHO | Weekly epidemiological record: cholera articles. WHO. Available at:

http://www.who.int/cholera/statistics/en/ [Accessed July 26, 2019].

136



