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Abstract 

Molecular Epidemiology and Evolution of Corynebacterium diphtheriae and Vibrio cholerae 

Robert C. Will 

 

The infectious diseases diphtheria and cholera affect thousands of people around the world 

every year, and are caused by the bacterial species Corynebacterium diphtheriae and Vibrio 

cholerae respectively. While the two pathogens appear quite different biologically, diphtheria 

and cholera do share key similarities, including the fact that both diseases are intrinsically 

linked with poverty, outbreaking rapidly in areas of social turmoil, and during both natural 

and man-made disasters. Both are also highly treatable and survivable with the right 

resources available, including antibiotics and antitoxins. Vaccines are also available against 

both causative agents, although the diphtheria toxoid vaccine is in much wider use than 

cholera vaccine. In this thesis I have used genomics to investigate the epidemiology and 

evolution of both pathogens in global and national settings. For C. diphtheriae, we assembled 

a large collection of sequenced genomes to investigate the evolutionary and population 

dynamics of the pathogen across the globe. We added a focus on India as the country with the 

highest number of reported cases in recent years. We identified multiple large phylogenetic 

clades of the species circulating across geography and time concurrently. Using this 

collection, we also identified the presence of antimicrobial resistance determinant genes in 

recently isolated C. diphtheriae. In addition, we categorised a series of variants of the 

diphtheria toxin gene tox from isolates around the world, several of which were non-

synonymous and estimated to have an impact on the 3D structure of the toxin protein.  
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In V. cholerae, we investigated the intriguing population and evolutionary dynamics of 

cholera in Ghana, presenting a picture of time-separated clades circulating around 

neighbouring countries in West Africa. We also highlight the increasing presence of AMR in 

West African V. cholerae, in line with other reports from the ongoing 7th Pandemic. Finally, 

we present preliminary analysis of a large V. cholerae O139 collection and highlight how 

rapid AMR development may have caused O139 to so effectively outcompete the existing O1 

serogroup, before disappearing almost as quickly due to subsequent loss of AMR.  

Taken together, these results highlight how much there is still left to understand about both of 

diseases, which in many parts of the world are believed to be a problem of the past. This 

dearth of knowledge applies both to the vastly under-researched diphtheria and the more 

widely researched cholera.  
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1.0 Introduction 

 

1.1 History and Evolution of Genomics  

1.1.1  Why we need population biology for pathogens 

Originally developed as an ecological concept, ‘population biology’ began as a study of the 

characteristics and factors that affect the distribution and size of the population of an 

organism 1. Bringing together two closely related strands of research in population ecology 

and population genetics, the field initially exploited mathematical models to understand the 

interwoven dynamics and selective pressures shaping communities of organisms 2. These 

shaping factors included breeding rates, population density, migratory trends and predator-

prey organisms. The field built complex formula to attempt to understand how these 

mechanisms affect each other and the organism or system under observation 2.  

 

In 1979 Roy M. Anderson and Robert M. May wrote a two-part review article highlighting 

the growing body of evidence that disease-causing microorganisms had a large impact on 

many of these models by exerting a limit on growth, primarily in place of the predator or 

resource limitation 3,4. Since then, many textbooks have included chapters and sections 

dedicated to the population biology of infectious diseases, often using the example of 

parasite-host interactions 5. This has expanded to teaching as well, with many students 

(including this author) being taught pathogen population examples alongside the traditional 

pairings of deer and wolves or foxes and rabbits.  
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In recent decades, the field of study has expanded beyond the original models of interaction, 

and now encompass epidemiology, pathogen biology and phylogeny to name a few 

influences. Alongside studying the impact of microorganisms on human, animal, and plant 

populations, the increasing availability of genetic data has led to vast improvements in our 

understanding of the structure of microorganism populations, rather than as a factor 

impacting something else. In particular, vast strides have been made in the understanding of 

how such microorganisms change over time and space. As genetic analyses began to become 

the norm, the discipline of population genetics was effectively founded by Ronald Fisher, 

John Burdon Sanderson Haldane, and Sewall Wright 6,7. With his 1930 book ‘The genetic 

theory of natural selection’ Fisher brought together natural selection as the driver of evolution 

alongside mathematical analyses 8. At around the same time, Haldane was applying statistical 

analyses to determine the frequency change of a gene when placed under specific conditions, 

and highlighted the now-well-known peppered moth evolutionary example; in areas where 

pollution levels in their habitats increases and blackened trees, the moths’ eponymous black-

white speckled colouration changed to a much darker grey-black, suggesting a selective 

pressure towards the more effective camouflage scheme 6,7. While both Fisher and Haldane 

were active in the United Kingdom, in the USA Wright – a biologist with a background in 

animal breeding – presented mathematical models to better define the ‘The distribution of 

gene frequencies under irreversible mutation’ 9. Some of the implications of this paper would 

not be realised for three decades, when Motoo Kimura, another pioneer of the field, presented 

their ‘Evolutionary rate at the molecular level’ paper in Nature 6,10. Other leading 

evolutionary geneticists included William Donald Hamilton, a pioneer of the impact altruism 

has in genetic fitness, as well as the evolution of sex ratios, and John Maynard Smith, a 

student under Haldane who, alongside George R. Price, introduced the idea of game theory to 
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genetic evolution. All three highlighted the importance of understanding the organism and 

group dynamics, alongside pure genetic analyses 6,11–14. 

 

Genetic variation is at the heart of all phenotypic change. It is critically important to continue 

understanding how a disease-causing organism are evolving, as this can give researchers a 

glimpse into how the same microorganism might adapt in the future.  

 

1.1.2 Before genomics 

One of the most widely known examples of very early epidemiological studies on infectious 

diseases is that of John Snow carried out in 1854 15. During a cholera outbreak in London, he 

plotted the location of infected households onto a map using public records and interviews 

and noted that a single water pump was a potential linking factor 16. It is now part of folklore 

that by removing the handle of this pump the cholera outbreak was curtailed. John Snow is 

now regarded by many as one of the ‘heroes of modern epidemiology’ 17. The use of 

metadata such as the location and time of diagnosis allowed a much higher level of resolution 

to understand disease spread. This combined with observations on the temporal variances in 

symptoms or severity of disease allowed practitioners to track the spread from patient to 

patient across communities. 

 

From the first presentation of symptoms to diagnosis and treatment, understanding the cause 

of an infection has always been challenging. Understanding the difference between microbial 

‘strains’ (or their phenotype) determined by growing and analysing them in laboratories has 

been the mainstay method of investigation of outbreaks for decades. This approach has 
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traditionally relied on the abilities of experts to identify the organism after hours or days of 

growth and testing 18.  

 

The advent of DNA sequencing however was to provide a quantum leap in our understanding 

of not only the structure of microbial populations but also the genetic basis of phenotypic 

variation 18. One of the first DNA sequencing technologies was developed by Frederick 

Sanger and his team in 1977 19. Known as ‘Sanger sequencing’, it was used in a ‘proof of 

principle’ study to sequence ϕX174, a bacteriophage that infects Escherichia coli. ϕX174 has 

a genome sequence 5,386 nucleotides in length and was the first full genome of a ‘life form’ 

to have ever been sequenced. Sanger went on to share the 1980 Nobel Prize for Chemistry for 

his work 20,21. Applied Biosystems, a company founded by Leroy Hood, commercialised 

machines able to perform automated Sanger’s sequencing 22. Their machines, with 

appropriate technical support, could sequence ~12,000 DNA bases per day, and this 

breakthrough prompted automated sequencing at an industrial level 23. Alongside this 

breakthrough, in 1977 Roger Staden and others proposed using computer programs to 

assemble genetic reads into sequences 24. The technologies may have grown and improved far 

beyond recognition, but the combination of laboratory sequencing and computational 

assembly is still the basis of all genomic analysis used today. 

 

While the human genome project began in 1990, it took a further five years for bacterial 

genome sequencing to take a major jump forward. The practice of sequencing individual 

genes/regions was ongoing, but the field was redefined with the publication of the first 

complete bacterial genome sequence, an isolate of Haemophilus influenzae 22. 
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1.1.3 The first complete genome (H. influenzae) 

Despite the advent of consortia aiming to sequence model organisms, it was H. influenzae Rd 

that became the first completely sequenced genome of a bacterium, or indeed any free-living 

organism 22. Work was progressing on sequencing ever larger genomes, from bacteria such as 

E. coli and Bacillus subtilis, to the fungi Saccharomyces cerevisiae (Brewer’s Yeast), and on 

to more complex multi-cellular organisms such as Caenorhabditis elegans (a free living 

worm) and Drosophila melanogaster (Common Fruit Fly) 25–29. Despite all of these consortia 

expecting to report first, in 1995 Fleischmann et al. at the Johns Hopkins University School 

of Medicine in Baltimore beat them to it by publishing the completed genome of H. 

influenzae Rd 30. The team presented a method involving sequencing small pieces of 

unselected H. influenzae DNA, that were subsequently assembled into a complete genome 30. 

This method is more commonly referred to today as shotgun sequencing, and allowed 

Fleischmann et al. to decode the entire 1,830,137 base pair long genome without the need for 

an existing genome map – a major limitation of some of the other early attempts to generate 

whole genome sequences 30.  

 

The strain of H. influenzae used was, somewhat ironically, non-pathogenic but still presented 

an incredible trove of information regarding potential pathogenicity and virulence 30. The 

authors noted that the sequenced Haemophilus influenzae Rd strain differed significantly 

from other H. influenzae serotype b isolates that causes disease, including the absence of a 

gene cluster used by the bacteria for adhesion in host cells, that they hypothesised to have 

been lost by deletion 30.  
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By using the complete genome to investigate differences between strains, researchers were 

able to achieve a previously unattainable level of genetic resolution, able to analyse 

individual gene gaps and additions. With an uncertainty rate of <1.5% coupled with rigorous 

assembly algorithms, whole genome shotgun sequencing had demonstrated its ability as a 

method to produce high quality genomes 30. It was theorised that the potential amount of 

information available within the 1.8 Mb genome could stimulate leaps in vaccine 

development as well as other industrial applications 30. The era of creating reference genomes 

had begun.   

 

1.1.4 The era of creating reference genomes for different pathogens 

In the 26 years since H. influenzae Rd was sequenced, there has been a quantum leap in the 

number of genomes available. Before the advent of next generation methods and large scale 

mass sequencing however, the first genomes of many important pathogenic species were 

being published 22. A mere three months after H. influenzae Rd’s sequenced was published in 

Science, the journal once again hosted a genome sequencing announcement and analysis; that 

of an isolate of Mycoplasma genitalium. Less than half the size of H. Influenzae at 580,070 

base pairs, Fraser et al. reported it as the smallest known genome of any free-living organism, 

with only 470 coding regions identified 31. The team that sequenced H. influenzae Rd was 

also involved in the M. genitalium work, and once again demonstrated the power of the 

shotgun sequencing method 31,32.  
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Over the next few years, a number of genome sequencing projects and consortia began to 

report complete genomes of bacteria 22,32. Fourteen months after the first M. genitalium 

sequence was published, the Mycoplasma genus became the first to have isolates from two 

different species sequenced completely; M. genitalium and M. pneumoniae 33. In September 

and November 1997 respectively the first E. coli and B. subtilis genomes were published, 

while the genomes of Mycobacterium tuberculosis and Rickettsia prowazekii isolates both 

followed shortly after in 1998, the latter demonstrating the phenomenon known as reductive 

evolution 34–37. The last year of the 20th century saw for the first time a single species, 

Helicobacter pylori, having multiple genomes published 38. 

 

1.1.5 First steps to impact through comparative genomics 

The dawn of the 21st century brought in the first steps of translating genomic sequences into 

evidence and impact. The concept of reverse vaccinology, using computational methods to 

identify potential antigens for further investigation and vaccine development, was reported 

through an analysis of the sequence of serogroup B meningococcus (Neisseria meningitidis) 

and comparison with other Neisseria genomes in 2000 39,40. By comparing the genome of an 

enterohemorrhagic E. coli O157:H7 (EHEC) isolate with the previously sequenced E. coli K-

12 genome, Hayashi et al. where able to postulate the horizontal transfer of multiple genes 

linked to virulence in 2001. The authors estimated that as much as 25% of the 5.5 Mb EHEC 

genome being made up of horizontally-acquired DNA 41. The genome of Mycobacterium 

leprae was published in 2001, demonstrating a high abundance of inactivated or 

pseudogenes, an observation of the R. prowazekii genome three years prior. This comparison 

provided further evidence for a reductive evolution in these obligate intracellular pathogens, 

with less than half the M. leparae genome containing functional genes 42. All these major 



8 
 

breakthroughs came directly from sequencing the complete genomes, and they would not 

have been made without this step, clearly demonstrating the impact these new methods. 

 

2001 also marked the first time multiple genomes of a single species were published in one 

manuscript, with two related methicillin-resistant Staphylococcus aureus (MRSA) sequenced 

by Kuroda et al. 43. Comparative genome analysis was used to identify novel antimicrobial 

resistance determinants in S. aureus. As further studies began to include multiple genomes 

rather than just one, investigations into the genetic differences between isolates and across 

species started to become more common place. The continual refining and development of 

new sequencing methods coupled with advancements in sequencing machines meant that the 

amount of data becoming available was beginning to outstrip the time required to fully 

analyse it by relying on human methods. The need for computational tools that could take on 

the challenge of analysing increasingly larger data sets was being made abundantly clear. 

 

1.1.6 Early steps in the informatic analysis of microbial genomes 

As the rate of data generation began to outstrip the ability of individuals or teams to perform 

manual analysis, the development of computation tools to automate parts of these analyses 

began to accelerate. However, the origins of some of these bioinformatic tools came years 

before complete genomes were available 44,45. The true origins of informatics lies in some of 

the fundamental challenges that have faced biologists throughout history, from elucidating 

the structure of DNA and the genetic information that encoded proteins to determining the 

structural properties of protein molecules and the factors that govern them 46–51. The 

difficulties that these scientists faced are ones that would come to be part of computational 
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analysis decades later, as traditional methods were combined with novel digital ways of 

interrogating data 51. The comparing of phenotype to genotype, and the takeaways from how 

well they match, continues to be a key pillar of research to this day. 

 

The combination of computational analysis and biology was embodied by an early pioneer of 

the field; Margaret Dayhoff 44,45,52. Referred to as ‘the mother and father of bioinformatics’ 

by the former director of the National Center for Biotechnology Information (NCBI) David J. 

Lipman, Dayhoff was a pioneer of creating and utilising computational tools 44. A quantum 

chemist by training, she published an atlas of protein sequences and structures that introduced 

one-letter codes for amino acids, perhaps the first ever database for molecular biology 53. 

These single letter codes are still in use today 54. It seems fitting then that a pioneer of 

bioinformatics hails from the same field that spawned the discipline. Some of the earliest 

computational tools were used to assemble protein sequences and elucidate their structures, 

even constructing a three-dimensional model by as early as in 1966 (Cyrus Levinthal) 51,55. 

While computational hardware was a limiting factor initially, these initial developments 

paved the way for tools used on a daily basis in 2021. 

 

In 1967 Walter Fitch and Emanuel Margoliash published a seminal paper describing their 

computational program that could construct phylogenetic trees based on the widely 

sequenced cytochrome c protein. This is a respiratory pigment found in aerobic cells, and the 

same protein was modelled in three dimensions a year earlier by Cyrus Levinthal 45,55,56. In 

1969, Dayhoff published a similar method that had been developed concurrently, with both 

methods producing phylogenies that bore high similarity to the traditional trees constructed 

using taxonomic characteristics 56,57. This demonstrated a major characteristic of the 
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bioinformatic field that has continued to today, different groups developing different tools 

concurrently that use similar but different methods to tackle the same problem. 

 

The difficulties with these early phylogeny-building programs were numerous. The outputs 

still required human intuition to establish the simplest tree, and while cytochrome c was one 

of the most widely sequenced proteins available, there was still the challenge of determining 

the difference between homology and chance similarity 45.  

 

Major steps forward followed these early developments, including Needleman and Wunsch’s 

work building upon Fitch and Margoliash’s by breaking down construction into a series of 

smaller steps, Dayhoff, Schwartz and Orcutt publishing the first probabilistic model of amino 

acid substitutions, and Feng and Doolittle produced a method highlighting the impact of 

creating progressive sequence alignments prior to correct phylogenetic tree construction, an 

important prerequisite for accurate phylogeny 44,45,51,58–60.  These approaches proved to be the 

foundation for modern phylogenetics and continue to be used (in refined forms) today. While 

new tools continue to be developed, they all owe their existence to these early pioneers 

44,45,51. The first phylogenies were based on small protein sequences, unsurprising bearing in 

mind DNA sequencing was barely in its infancy as a field 44,45. Phylogenies became based on 

multiple larger amino acid sequences, before DNA began to be asserted as the more 

informative medium for phylogeny construction, with the underlying code providing a higher 

resolution for any changes that the translated amino acid sequence 44. As both sequencing 

technologies and the computational tools to analyse them improved, so did the amount of 

data available to base trees on. Gene sequences expanded to genome sequences, and very 

quickly the rate of data production began to outstrip the speed at which it could be analysed 
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44. Today, phylogenies are often limited in the availability of computational resources rather 

than availability of data, with trees constructed based on whole genome analyses rather than a 

single gene.  
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1.2 History of Genomics Population Studies  

 

1.2.1 Different disease examples 

While John Snow’s water pump analysis is often referred to as the first use of epidemiology, 

and Fitch and Margoliash’s trees the first use of phylogenetics, the first genome-based 

population study is less well defined. Certainly, by the late 2000s next generation sequencing 

was beginning to accelerate data generation. The ‘Genome Sequencer 20 System’ by 454 Life 

Sciences (later acquired by Roche) released in 2005 was the first sequencer referred to as 

‘next generation’, and Applied Biosciences released the second two years later; the ‘3500 

Genetic Analyzer’ 22,61–63. Institutions such as the Wellcome Sanger Institute (WSI), 

originally established to sequence the human genome, had moved beyond their original remit 

, to analyse multiple microbial genomes64,65. 

 

Described by Loman & Pallen as the ‘first genomics super-project’, Baker et al. sequenced 

isolates of Salmonella enterica serovar Typhi (S. Typhi, the cause of human enteric fever or 

typhoid) with the ambition to investigate the distribution and transmission of the bacteria 

within an urban district in Jakarta, Indonesia 22,66,67. They used a human genotyping platform 

that facilitated high throughput analysis, taking the sequences of novel S. Typhi isolates and 

combining these with reference genomes to produce a collection 143 isolates. These were 

isolated between 1975 – 2005 66. By utilising this combination of phenotypic and genotypic 

analysis, they were able to identify nine distinct haplotypes (bacteria with group of genes 

inherited from a single ancestor) that had been circulating for over 30 years within Jakarta. 
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Figure 1.1 shows the relationship of isolates used within this study, using the then-common 

single nucleotide polymorphism (SNP) distance method. 

 

 

Figure 1.1: Minimal spanning tree based on single nucleotide polymorphisms (SNPs) showing the relationships between S. 

Typhi isolates. Taken from Baker et al., 2008, modified from Roumagnac et al., 2006 66,68. 

 

Alongside the scientific conclusions, this approach demonstrated the power of the high-

throughput methodology, combining traditional phenotyping analysis with genotypic tools 

and genome sequencing 66. This template quickly became the basis for many landmark 

genomic studies.  

 



14 
 

The same team published further analysis of S. Typhi, this time using a computational 

analysis of full genome sequences 69. Sequencing 19 S. Typhi genomes, Holt et al. showed 

that the serovar was associated with ongoing loss of gene function, and despite a rapid 

acquisition of antimicrobial resistance mutations, S. Typhi did not display extensive evidence 

of antigenic variation 69.  

 

Building and expanding on this method of computational analysis, Holt et al. turned their 

attention to Shigella sonnei, a human-adapted cousin of E. coli that can cause dysentery 

through invasion of the human gut mucosa 70.  By whole-genome sequencing 132 S. sonnei, 

the team were able to date a shared ancestor to Europe within the past 500 years, with recent 

descendants having diversified into a handful of distinct lineages 70. Thus, the generation of 

more complex phylogenetic trees based on whole-genome sequences were becoming the 

norm, bringing together ancestral family trees with increasingly detailed metadata of isolates. 

An example for S. sonnei is shown in Figure 1.2, incorporating country and year of isolation, 

alongside genetic information. 
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Figure 1.2: Maximum likelihood phylogeny of S. sonnei, showing the time-adjusted phylogenetic tree alongside key gene 

presence/absence and metadata showing country or region of isolation. Taken from Holt et al., 2012 70. 
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In recent years, the scale and number of studies has continued to increase. In 2015 Holt et al. 

analysed over 328 genomes from animals and humans to determine the diversity, population 

structure, virulence, and antimicrobial resistance in Klebsiella pneumoniae, Connor et al. 

determined the historical global spread and recent local persistence of Shigella flexneri using 

351 genomes, and in 2019 Van Puyvelde et al. created a collection of 276 novel and existing 

isolates to better understand a single extensively drug-resistant sublineage of S. Typhimurium 

ST313 71–73. These are just a few examples but demonstrate the ever-increasing amount of 

information available in the current era of rapid next-generation sequencing. 

 

1.2.2 Different sequencing technologies 

In the years since Sanger sequencing was first invented, many new methods have entered the 

market. The first ‘next generation sequencing’ (NGS) method was 454 sequencing, used by 

the previously mentioned ‘Genome Sequencer 20 System’ by 454 Life Sciences released in 

2005 19,62,74. In a process called pyrosequencing (first developed by Nyren, Pettersson and 

Uhlen in 1993, before years of refinement by Ronaghi et al.) single strands of DNA to be 

sequenced are mixed with enzymes and a nucleotide base, one of adenine, cytosine,  guanine, 

or thymine 75–78. The binding of a complementary base to the single strand releases 

pyrophosphates, which are broken down to ATP, which in turn acts as the facilitator for the 

conversion of luciferin to oxyluciferin. This process releases light bursts which are captured 

and recorded to determine the next nucleotide base in the single strand. The remainder of 

unused material is broken down, and the next nucleotide base is added. This process is 

repeated until the full complementary sequence can be elucidated, before conversion back to 

determine the original single strand 75–78. The method offers high accuracy and formed the 
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foundation upon which high throughput sequencing began, but the approach struggles when 

determining longer sequences of a single repeated nucleotide and  has limited read lengths 22. 

 

The next major sequencing technology to emerge was from Solexa (in what would become 

known as Illumina sequencing when Solexa technology was acquired). Shankar 

Balasubramanian and David Klenerman came up with a method coined as ‘sequencing by 

synthesis’, stemming from an idea they had in the late 1990s 79. DNA is purified and adapters 

added to the single stranded fragment ends, to act as reference and binding points. These are 

loaded onto flow cells, where fragments are washed across a chip containing 

oligonucleotides. The fragments bind to these complementary oligonucleotides, which act as 

an anchor point before cloning begins. Tagged nucleotides and primers are then added, and 

these nucleotides bind to the sequence one at a time. After each round of one addition, a 

computer reads which base has been added by the fluorescent tag and all unused elements are 

washed away, replaced with more for another round of synthesis. This continues across 

thousands of pieces of DNA, allowing an entire genome to be sequenced in parallel 74,80,81. 

Illumina sequencing offered much faster speeds and lower costs, although at the expense of 

shorter read lengths. Illumina sequencing quickly established itself as a go to method for 

genome sequencing, a status that persists even today 22,74. 

 

While Illumina remains the mainstay, the aptly termed ‘third generation’ of genome 

sequencing technology has begun to establish itself. PacBio Single-Molecule Real-Time 

(SMRT) sequencing has established itself as an alternative to the traditional Illumina method, 

by offering much longer read lengths, although at a higher price. Double stranded DNA is 

broken into fragments and split, before adapters bind to either end and create a circular 
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sequence. Polymerase and primer are added, and the circular molecule is held within one of 

millions of wells on a chip. Light is emitted as labelled nucleotides are bound to the DNA 

sequence, and this is tracked by a computer in real time 82,83.  

 

The other third generation sequencing technology also produces long read data. Called 

Oxford Nanopore Sequencing, it is a much cheaper method than PacBio to produce long 

reads, although accuracy is lower. Double stranded DNA is bound with a motor protein and 

adapter sequence before being washed over a chip containing over 2048 nanopores, by-

passing the need for a PCR step. Tethers guide the DNA strands into these nanopores, where 

the double helix is split, and the forward strand is fed through the nanopore. Electrical current 

changes characteristically for each base, and the sequence is translated from these variations 

74,84,85. The small size and robustness of the sequencing machines along with its much 

cheaper price compared to other sequencing methods have created a niche, not only for the 

laboratory, but in field environments. This was aptly demonstrated during the 2014 – 2016 

Ebola outbreak in West Africa, where MinIon sequencers were successfully deployed in 

remote settings to sequence and investigate Ebola virus genomes in real time 86–88. The same 

occurred for Zika virus, also in 2016, when multiple groups utilised the field capabilities of 

MinIon alongside Illumina after multiplex PCR method for targeted enrichment of the 

genomes 89. 

 

A newly emerging method of analysis has been the combination of both Illumina short read 

and either PacBio or Oxford Nanopore long reads to counteract many of the problems 

associated with each 90–92. While this remains expensive and requires access to multiple 
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methods of sequencing, it presents an intriguing future of hybrid assemblies, the most 

accurately sequenced genomes available today. 

 

1.2.3 Different exemplar computational tools 

The core of phylogenetics is the generation of trees. What started with Fitch, Margoliash and 

Dayhoff has expanded into an incredibly complex and varied field, with numerous methods 

and tools to create new phylogenies. The workflow however remains relatively unchanged. 

Raw nucleotide or amino acid sequences, known as Fasta files, are combined into a single 

file, known as a multifasta file. This multifasta file is then aligned (an important step as stated 

by Feng and Doolittle) where areas of high similarity between individual sequences are 

identified and placed alongside each other 93–95. This allows gaps and areas of difference to be 

correctly aligned, an essential pre-requisite to all phylogenetic analyses 94. One of the main 

tools used for this is Clustal, which aligns the most similar blocks first before working 

through to the least similar blocks, in a process known as progressive alignment 93,94,96. 

Originally created by Higgins and Sharp in 1988, new versions have continued to refine and 

update the program over the past decades, and has been managed by the same team at 

University College Dublin to this day 93,94,96–99. Clustal is so widely used that multiple version 

publications placed in Nature’s top 100 most-cited papers of all time in 2014, at both 10 and 

28 on the list 100.  

 

After alignment comes tree creation. While there are many different tools available, two 

appear more commonly than others; RAxML and IQ-TREE. RAxML has been around much 

longer than IQ-TREE with version 8 published by Stamatakis in 2014, while IQ-TREE was 

first published in 2015 by Nguyen et al. 101,102. Both create maximum likelihood phylogenies, 
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a term based in mathematical statistics which creates trees based on the highest probability of 

that evolutionary model occurring 103. The tree-making tool will repeatedly create 

phylogenies for a pre-determined number of times (known as bootstraps in RAxML, and 

pseudobootstraps in IQ-TREE) and then choose the structure that has occurred most often to 

be the most robust final output 101–103.  

 

Even once you have a phylogeny, the tree is not overly useful without metadata to plot on it. 

The structure of the tree allows you to add information such as location, date and time of 

isolation, the presence and absence of important genes, or wet laboratory results so as to 

establish phenotypic patterns. Investigating the presence and absence of genes across an 

entire genome is however an incredibly large undertaking, let alone across 10s or even 100s 

of genomes at once as many modern studies require. Tools such as ARIBA and SRST2 are 

able to screen genomic sequences to look for the presence or absence of dozens of genes from 

a pre-determined catalogue and report those findings in moments – often in only a minute or 

two per genome 104,105. This vastly improves the rate of analysis, although it is reliant on an 

accurate list of gene sequences prior to running. SRST2 was first published in 2014 by 

Inouye et al., while ARIBA came three years later in 2017 courtesy of Hunt et al. Simon 

Harris, senior author on ARIBA, also produced a method of running in silico Polymerase 

Chain Reactions (PCR), using primers to search through a sequence and extract sections of it 

for further analysis 106. This method has been used by many to extract genes of interest for 

further analysis. 

 

Once data is acquired, plotting it visually alongside the tree can be undertaken. Command 

line based users can use tools such as the ggtree package, which builds on the ggplot2 
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package to create annotated phylogenies through the R software environment 107–111. For 

those with a graphical user interface preference, the Interactive Tree Of Life (iTOL) allows 

for uploading of text files and spreadsheets of information, and will plot those alongside an 

uploaded phylogeny 112. Both tools can create high quality scientific figures and allow 

researchers to analyse their population structure, determining trends over time and space. 

 

1.2.4 Advances in cholera from reference to population studies 

The era of genetic sequencing has allowed great strides in the study of Vibrio cholerae, the 

cause of human cholera. Unlike for most bacteria, the genome of V. cholerae is split across 

two chromosomes (this is actually common across the Vibrio genus). Consequently, 

additional challenges are posed for sequencing of the species. Despite this, in 2000 

Heidelberg et al. published the first genetic sequence of V. cholerae El Tor N16961, the 

genome that continues to be the reference to this day 113. Chromosome 1 consisted of 

2,961,146 bps, while chromosome 2 was 1,072,314 bps long, giving a combined whole 

genome length of 4,033,460 bps 113. Figure 1.3 shows the genome circular representation 

presented by Heidelberg et al. 
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Figure 1.3: Whole genome circular representation of the Vibrio cholerae two chromosomes. The outside two rings show 

predicted coding regions, coloured by function, while the third ring shows duplicated genes on each chromosome. The 

fourth ring shows genes genes relating to phage, pathogenesis, transposons, and VCRs, and the fifth ring shows significant 

X2 values for trinucleotide composition. The sixth ring shows G+C percentage against the mean G+C content, and the 

seventh and eighth rings show tRNAs and rRNAs. Taken from Heidelberg et al. 113. 

 

Between the two chromosomes of N16961, most genes deemed essential for growth are 

located on chromosome one, including genes responsible for catabolic and biosynthesis 

mechanisms, and DNA replication and transcription. Virulence-associated genes also follow 

the same pattern, with significantly more located on chromosome 1 than 2, including the 
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cholera toxin gene ctxAB 113. The smaller second chromosome is dominated by hypothetical 

genes, as well as some genes with functions seemingly already catered for by those present 

on chromosome 1 113. Chromosome 2 may be a ‘megaplasmid’ acquired at some point, with 

genes from other bacterial species being incorporated into the V. cholerae genome at some 

point in the evolutionary origin of this species 113–116. 

 

Building on the initial reference genome, V. cholerae genomic studies began in earnest. 

Cholera pandemics occur in waves, with the current one known as the seventh pandemic. 

Chun et al. in 2009 used comparative genomic analysis of 23 V. cholerae isolates, analysing 

the basis of genome variation between and within waves 117. They found that between waves 

there was a hard ‘shift’ from one clonal lineage to another distantly related lineage, while 

variation within a wave was better defined as a slower ‘drift’, mainly through the addition or 

loss of gene clusters 117. A year later, Chin et al. used genomics to investigate the then-recent 

cholera outbreak in Haiti, sequencing five new isolates and combining them with 23 

previously published genomes to act as representatives from previous outbreaks 118. Their 

results showed that Haitian isolates were closely related to genomes from Bangladeshi 

cholera cases in the early and late 2000s, rather than those from more geographically close 

South American isolates 118. This study, relatively small by modern standards, nonetheless 

provided evidence for a cholera introduction into Haiti from far across the globe, rather than 

from more local regions 118. This presented important policy implications, as the introduction 

of a potentially higher fitness strain of cholera into Haiti, and potentially beyond, posed a 

significant risk to human health 118. The introduction of an antibiotic resistant V. cholerae 

encoding a classical cholera toxin and other novel genes into the Latin American region 

caused many concerns. These included a potential to replace or recombine with V. cholerae 

already reported in the region118. Additionally, as cholera can persist in the environment, once 
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a new strain has entered the ecosystem, it can be incredibly difficult, if not impossible, to 

eradicate fully 119. 

 

It was research like Chin et al.’s and Chun et al.’s that provided the foundation for the first 

large scale global analysis of V. cholerae. Published in 2011 by Mutreja et al., 154 whole 

genome sequences were combined into a collection, to determine the global community 

structure, as well as the source of the seventh pandemic 120.  Figures 1.4 shows the annotated 

maximum likelihood phylogeny of global V. cholerae, and Figure 1.5 shows the transmission 

events inferred from it. 
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Figure 1.4: Maximum likelihood phylogeny of whole genome V. cholerae genomes. Metadata is annotated, including the 

country or region of isolation, the presence of key genetic elements, and the transmission waves. Taken from Mutreja et al., 

2011 120. 

 



26 
 

 

Figure 1.5: Predicted waves of transmission events of V. cholerae, determined from seventh-pandemic time adjusted 

phylogeny. Taken from Mutreja et al., 2011 120. 

 

By creating a time-scaled phylogeny, Mutreja et al. were able to present a three-wave model 

for the seventh pandemic, starting in the Bay of Bengal before spreading out across the globe 

120. Over time, these were replaced in some areas by wave 2 and 3 by transcontinental 

transmission events, a phylogenetic observation that was confirmed by clinical cases 120. 

Antimicrobial resistance (AMR) was shown to have shaped these waves, with the 

development of resistance predicted to have occurred around 15 years after initial drug 

exposure 120. This study was a landmark moment in the field of cholera genomics, and the 

pandemic wave terminology defined by Mutreja et al. continues to be definitive today. 

 

In the years since, further studies have expanded on the work of Mutreja et al., both in terms 

of single outbreaks and transfers across continents. Shah et al explored the epidemiology of a 

2010 cholera outbreak in Pakistan using genomics 121. The team found that there were two 

distinct subclades present across Pakistan (PSC-1 and PSC-2), both within the third 
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transmission wave of the seventh pandemic 121. PSC-1 was found to have originated from 

coastal regions, while PSC-2 was traced back to areas further inland that had been flooded by 

the Indus River 121. One of the largest rivers in the world, the Indus flows from the foothills 

of the Himalayas in Southwestern Tibet through almost the entirety of Pakistan to the 

Arabian Sea Southeast of Karachi 122. Understanding the sources of outbreaks is extremely 

important, and Shah et al demonstrated the power of genomics in determining these factors. 

 

Domman et al and Weill et al published an ‘Integrated view of Vibrio cholerae in the 

Americas’ and the ‘Genomic history of the seventh pandemic of cholera in Africa’ 

respectively in the same Science issue released in November 2017 123,124. Both used whole-

genome sequencing to categorise novel isolates, before combining the data with additional 

genomes from publicly available sources to determine a comprehensive picture across both 

continents, as well as their context within global pandemic transmission events and waves 

over 40 -50 years 123,124. Both studies indicated that intercontinental transmissions brought V. 

cholerae to these continents in the seventh pandemic. 

 

In 2019, Weill et al. published an investigation determining the phylogenetic relationships, 

AMR, and virulence determinants present in V. cholerae genomes isolated in the 2016 - 2017 

cholera outbreak in Yemen 125. They found that a single sublineage of the seventh pandemic 

was responsible for both waves of the epidemic, and that it originated is South Asia before 

moving through East Africa on its way to Yemen 125.  
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These studies show the massive benefits of having a well-defined global phylogenetic 

structure of a pathogenic species, allowing future work to understand how their novel isolates 

fit into the global picture, and determine their potential source and transmission routes.  

 

1.2.5 A different picture for diphtheria 

Although we have a good understanding of the global phylogenetics V. cholerae, the same 

cannot be said about Corynebacterium diphtheriae. The first genome of C. diphtheriae 

(NCTC 13129) was published in 2003 by Cerdeño-Tárraga et al. 126. The bacterium was 

isolated in the UK in 1997 from a 72-year-old female returning from a Baltic cruise, and was 

found to be 2,488,635 bp long 126. Figure 6 shows the circular representation of the 

chromosome. 
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Figure 1.6: The circular representation of the first C. diphtheriae genome sequenced; NCTC 13129. The outermost ring 

show DNA bases, with genes presented on the second and third rings. The presence of pathogenicity islands are shown the 

fourth ring, and gene analogous in Mycobacterium tuberculosis are presented on the fifth ring. The sixth ring shows key 

genes related to metal-ion transport systems, phages, diphtheria toxin, while the seventh ring shows putative sortases and 

sortase substrates, The eighth ring shows repX and IS element pairs, and the ninth and tenth G+C content and GC skew 

respectively. Taken from Cerdeño-Tárraga et al., 2003 126. 

 

Unlike the related species Mycobacterium tuberculosis, the genomic sequence of C. 

diphtheriae demonstrated evidence of recent horizontal gene transfer, including the toxin 

gene tox that is so stereotypical for the species 126. Recombination is a key driver of diversity 

across the species, both historically and in modern time 127,128. Cerdeño-Tárraga et al. also 

determined the genomic location of the Corynephage, along with annotating numerous genes, 

domains and pathways using predictor tools and by hand 126.  
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The next step along the path to widespread genomic studies of C. diphtheriae was taken by 

Trost et al. in 2012, when they published the first pangenomic analysis of the species 129. 

Sequencing and annotating 12 isolates from patients, they combined these with the reference 

NCTC 13129 to present the first comparative study at scale for C. diphtheriae. Once again, 

evidence of horizontal gene transfer was found 129. Phylogenies of the 13 isolates were 

presented based on both allelic profiles of housekeeping genes and the core genes 129. Due to 

high levels of recombination, mapping based approaches traditionally used to construct 

phylogenetic trees were less effective, and a core gene approach provides an alternative. 

Genes present in 99% of annotated genomes were concatenated together to produce an 

alignment, limiting the effect of areas with high diversity that could skew trees construction 

incorrectly.  

 

There are numerous reasons why C. diphtheriae lags behind V. cholerae in terms of both 

sequenced genomes and genomic studies. One of the most obvious is the lower number of 

diphtheria cases reported compared to cholera. Another is the smaller scale of outbreaks. 

Since the introduction of the vaccine in the 1930s – 1940s, diphtheria has remained largely 

contained in countries with high vaccine coverage 126. Despite this, there have been many 

outbreaks in areas of low vaccine coverage, and while most have been smaller in scale an 

exemplar large post-vaccine diphtheria outbreak occurred during the dissolution of the Soviet 

Union in the mid-1990s 130. Published in 2017, Grosse-Kock et al. used the sequenced 

genomes of 93 C. diphtheriae isolates collected from 1996 – 2014 in Belarus, a former Soviet 

State, alongside previously sequenced representatives 130. Two major C. diphtheriae clones 

were identified accounting for 76% of the isolates, with47% of the 93 genomes harbouring 
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the toxin gene 130. Recombination was once again identified as a key driver of diversity 

across the genomes 130. Consequently, a core gene approach was once again used, as had been 

done by Trost et al. 129. Figure 1.7 shows the core gene phylogenetic tree of genomes isolated 

from Belarus alongside global representatives. 

 



32 
 

 

Figure 1.7: Maximum likelihood core gene phylogeny of Belarusian C. diphtheriae genomes and previously published 

representatives. Isolates are coloured by biovar designation, and the presence and absence of virulence gene clusters are 

shown in black and white. Taken from Grosse-Kock et al. 2017 130. 
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Outside of this paper, most studies on C. diphtheriae genomics have been published 

describing isolated outbreaks. Examples include papers by Lodeiro-Colatosti et al. and 

Dangel et al., both in the same 2018 issue of Emerging Infectious Diseases 131,132. Lodeiro-

Colatosti et al. relied on traditional microbiological techniques, similarly to other studies that 

came before 131,133–135. Dangel et al. used core genome Multilocus Sequence Types (MLST) 

and whole genome SNPs to determine the phylogenetic relationship between geographically 

diverse clusters of nontoxigenic C. diphtheriae isolated in Germany 132. This method of core 

genome MLST was once again used by Chorlton et al in 2020 to support their core gene SNP 

alignment phylogeny of 56 inner-city Vancouver cases 136. Timms et al. also used a core gene 

phylogeny to investigate the diversity of 48 C. diphtheriae isolates from a 12 year period 

across Australia 137. All of these publications focused on diphtheria outbreaks that would be 

considered very small by cholera standards, keeping the scale small to only encompass 

outbreak isolates and some reference genomes (although in some cases no references were 

used) 132,136,137. The aim of these have been to evaluate C. diphtheriae diversity at a small 

scale, rather than to establish any regional or global strcuture. 

 

The largest study to date has been from Hennart et al. in 2020, encompassing 163 isolates 

from the French mainland and overseas territories combined with 84 historical and reference 

isolates 138. While the main focus of the paper was determining thr structure and diversity of a 

novel AMR plasmid, they too used a core gene approach to phylogeny creation (although 

using 95% as the cutoff for core definition). They placed novel isolates alongside the 

representatives to understand the diversity within the French territories and across the 

collection 138. 
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The global understanding and framework for the population structure of C. diphtheriae would 

be valuable for multiple reasons 139. Indeed, as more genomes are published, a comprehensive 

global analysis would provide an ever-improving understanding of the C. diphtheriae 

population, as the field plays catch up with other pathogens. This is especially true for areas 

of the globe where there are no or only a few published genomes, as evolutionary changes 

occurring here are being completely unobserved genomically.  
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1.3 A History of Cholera  

 

1.3.1 The bacterium 

A Gram-negative comma shaped bacterium ~1.3 µm in length, V. cholerae has been infecting 

humans for potentially thousands of years 140,141. Indeed, ancients texts written in India by 

Sushruta Samhita in the 5th century B.C., and Hippocrates and Aretaeus of Cappadocia in 

Greece during the 4th and 1st centuries A.D. speak of cholera-like symptoms, as do Persian 

writings by Rhazes and Avicenna in the 10th and 11th centuries A.D. 140. While it was Robert 

Koch who raised the profile of V. cholerae and was for a time credited with the discovery, it 

was in fact Filippo Pacini that first isolated the comma-shaped bacterium and declared it as 

the cause of cholera disease 142–144. It was not until years later in 1884 though that a pure 

culture was isolated 140.  

 

V. cholerae infects humans through contamination of food or water, colonising the intestine 

after surviving passage through the digestive system 145,146. Until the early 1980s it was 

believed that the relatively anaerobic and motile V. cholerae could not survive outside of the 

human body, and that repeated reinfection of the water systems was required to sustain 

populations of the species outside of humans 146,147. Since then however, it has been 

demonstrated that the V. cholerae species is native to aquatic environments, persisting 

without human influence 147,148. It has been reported that V. cholerae has an average 

swimming velocity of 75.4 +/- 9.4 microns/sec 141. 
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There have been more than 200 serogroups of V. cholerae defined, all based on structural 

differences of the O-antigen 149. Despite this, major pandemics and epidemics in modern 

history have been caused by only two – the O1 and O139 serogroups. Figure 1.8 shows a 

timeline of key broad V. cholerae  serogroup evolutionary changes, taken from Safa et al. 149.  

 

 

Figure 1.8: Timeline of key V. cholerae serogroup evolutionary changes. Taken from Safa et al., 2010 149. 

 

Most isolates from both the O1 and O139 V. cholerae biotypes carry the prophage CTX, 

which encodes the cholera toxin gene, while most isolates from other groups are phage 

negative 149. Within O1, which has been the dominant serogroup for at least the sixth and 

seventh pandemics, the El Tor biotype variant rose to become the driving force of the seventh 

pandemic 150. El Tor was initially proposed as a separate species (Vibrio El Tor), before being 

defined as a variant of the O1 serogroup, and it has been shown to have longer survival times 

on food and within water both in laboratory and field settings 151. V. cholerae O139 on the 
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other hand was first reported in 1992 during an epidemic across India and Bangladesh 152,153. 

Symptomatically, O139 is indistinguishable from O1 cases, producing large amounts of 

cholera toxin and requiring similar treatment 153. V. cholerae O139 demonstrated AMR 

comparable to some later O1 isolates, and multi-drug resistant (MDR) isolates were reported 

in 1996 145. V. cholerae O139 was even suggested as the start of an eight pandemic due to it 

outcompeting and displacing existing O1 isolates in some local environments 154,155. Despite 

these seemingly strong advantages, O139 outbreaks were large but sporadic, and the 

serogroup seemingly diminished in frequency post 2005, with only small outbreaks reported 

in the years after 156. 
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1.3.2 Vaccines 

An effective vaccine against V. cholerae infection has long been proposed as a method to 

control the spread of the disease while offering immunity to those most at risk. Killed whole-

cell oral cholera vaccines have been available for three decades 157,158. Despite this, Vietnam 

is the only country that incorporates cholera vaccination into its national control program 

with a locally approved vaccine 157. Many studies have been published purporting new 

formulations, with testing occurring in numerous at risk communities ranging from 

Indonesia, Vietnam and Bangladesh to Zambia, Malawi and South Sudan over the past 24 

years 159–165. While it remains an incredibly well researched area, the World Health 

Organisation’s (WHO) position paper in 2017 reaffirmed their belief that vaccines are only 

one component of cholera prevention and control strategies, and should not obstruct the 

continuing of current methods of control 166. These methods include expert management of 

cases and outbreaks and continued constant surveillance alongside water-sanitation-and-

hand-hygiene (WaSH) interventions, and crucially, education 166.  

 

This position is driven by the fact that while the protection level starts high (>80%), currently 

approved vaccines demonstrate a decrease in effectiveness to ~60% or less within three - five 

years, and a shorter duration of protection in children 167. National agencies in the USA and 

UK suggest travellers should be vaccinated if visiting high risk areas 168,169. The development 

of new improved cholera vaccines remains a high value area, with major funders like the Bill 

and Melinda Gates Foundation including it in their enteric and diarrheal diseases strategy 

overview and funding ongoing work in the area 163,170. 
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1.3.3 Disease and diagnosis 

Symptomatically, cholera is defined by ‘rice water stool’ production with large amount of 

very watery diarrhoea that can lead to severe dehydration and death within 24 hours if left 

untreated 171. Traditionally caused by the release of the AB cholera toxin (CTX), untreated 

case fatality ratios can be as high as 30 – 50% 171. Other symptoms can include vomiting and 

cramps, with an estimated 1 in 10 experiencing severe symptoms 171,172. While treatment is 

usually confined to oral rehydration therapy (ORT) and rest, antibiotic treatment is also used 

in some cases, and these include doxycycline, azithromycin, and tetracycline 173. 

 

Diagnosis technologies have come a long way in recent years, but for V. cholerae live culture 

remains the gold standard for diagnostics 171. This present numerous challenges, as even 

excluding the requirement for laboratory equipment and the expertise to operate effectively, 

there is still the 24-hour growth period to contend with, as well as any transport duration and 

crucially human error 171. Time is very much of the essence when diagnosing disease, and 

these delays can cause serious and life threatening complications 171.  

 

The necessity for speed has led to the development of rapid diagnostic tests (RDTs) for V. 

cholerae. Rapid chromatographic-immuno assays (CIAs) and polymerase chain reaction 

(PCR) are common techniques utilised by RDTs, due to their potential high specificity and 

speed compared to the traditional culture method 171,174–176. CIAs use antibodies designed 

against the target to bind antigens from a sample on a membrane strip, while PCR uses DNA 

primers that bind to target sections of a genome present within the sample 171,174–176. The 

ability to be deployed into field environments at low cost make RDTs the natural step 



40 
 

forward, as delays in diagnosis, especially in remote locations, quickly leads to further cases 

and deaths 177. Additionally, as the robustness of these tests continues to improve, the concern 

that increases in speed must be bought with a decrease in accuracy becomes less and less 

relevant 175. 

 

1.3.4 Cholera epidemiology 

While the Bay of Bengal is believed to be the source for pandemics of V. cholerae, the 

disease has successfully spread to many parts of the globe. Over the seven pandemics, 

multiple waves of transmission have spread cholera across continents, conveyed by human 

travel and contamination (Figure 1.5) 120. The risk of transmission across and through water 

bodies, including lakes and rivers, poses a massive challenge for control, as does V. 

cholerae’s ability to remain viable through long periods within those environment 148,178. 

 

Cholera cases are reported by many countries every year, and are collated by the WHO 179,180. 

Figure 1.9 shows the case numbers from 1989 – 2017 coloured by region, as published by the 

WHO 180. Despite Asia being the ancestral home of V. cholerae, African nations have been 

reporting the highest number of cases for the past couple of decades, passing The Americas in 

terms of numbers in the mid-1990s 180. Through 2007 – 2011, 20 nations within the continent 

reported case numbers of over 100,000, and fatality rates of 2 – 5% 181. 
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Figure 1.9: Cholera case numbers from 1989 – 2017 reported to the WHO. Taken from World Health Organisation, 2018 

180. 

 

It was not until 2017 that Asia once again reclaimed the dubious honour of highest number of 

cases, mainly driven by an explosion of cases in Yemen 182,183. Figure 1.10 shows the major 

cholera outbreaks that year. Over a million cases were reported in Yemen, making it one of 

the largest disease outbreaks in modern history 182,183. A country with a population of ~25 

million, the scale of this outbreak was colossal, and a fatality rate of 0.22% caused 2,385 

deaths by March 2018 183. Already a poor country in the region, Yemen had been devastated 

by a war since March 2015, displacing over 3 million people 183. Cholera cases quickly 

sprang up as healthcare infrastructure and systems collapsed, and seasons of drought 

followed by flood exacerbated the spread of contamination 182. Becoming an unfortunate case 

study demonstrating the importance of cholera surveillance and control, the outbreak took 

years to manage, requiring an international effort from many countries and Non-Government 
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Organisations, highlighting the importance of international cooperation in dealing with global 

health crises 184. 

   

 

Figure 1.10: Major cholera outbreaks in 2017, the highest year for case numbers in 28 years. Taken from Legros, 2018 185. 

 

It is widely believed that official cholera case numbers are underestimates, in part due to the 

under-diagnosis of the disease in remote environments 186,187. The further development and 

deployment of RDTs to these areas will aid in improving diagnostic coverage, and present a 

more accurate picture of the global burden of this majorly important but preventable disease 

186,187. 
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1.3.5 Impact of genomics on our understanding of cholera 

Genomics has improved our understanding of V. cholerae on a global level, achieving a 

degree of resolution rarely matched in the field of pathogen population biology. Building 

upon the knowledge that there have been seven pandemics of cholera, Mutreja et al.’s 

publication in 2011 provided the framework, showing how the seventh pandemic had been 

shaped by three waves of intercontinental transmission, upon which many large-scale future 

studies have been based 120. This shared framework has allowed for a continually expanding 

global picture, using a shared structure and language that many other pathogens lack. 

 

Genome sequencing allows for a much higher resolution of detail that previous methods, 

including MLST. By analysing whole genomes, additional information can be derived, such 

as the historical origins and potential transmission routes of an individual outbreak 188–190.  

Understanding this has implications beyond just scientific knowledge generation, with 

interesting takeaways for many fields from history to social science and policy 188.  

 

Genomics is also playing a part in improving our understanding of the ecological niche 

occupied by V. cholerae 191,192. By utilising whole genome sequences genes, SNPs, proteins, 

plasmids and phages can be found, providing many new avenues for analysing diversity and 

biology 191. In the ever-evolving world of bacterial pathogens, it is imperative to not only 

gain a current understanding of the species but to model how V. cholerae might evolve in the 

future.   
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1.4 A History of Diphtheria  

 

1.4.1 The Bacterium 

A Gram-positive bacterium that colonises the lower throat, C. diphtheriae is a very different 

species to V. cholerae 128. While V. cholerae is highly motile, C. diphtheriae remains non-

motile 128,141. C. diphtheriae is also an aerobic species, the environment of the lower throat 

differing vastly to that of the small intestine 128. C. diphtheriae is the larger of the two 

bacteria, at ~2 µm in length compared to V. cholerae’s ~1.3 µm 128,141.  

 

Despite these differences, both V. cholerae and C. diphtheriae do share some important 

similarities. Both species do not have a spore phase, and both traditionally cause disease by 

secreting an AB toxin, both of which are coded for by bacteriophage (In diphtheria, 

diphtheria toxin (DT) is releases in low iron environments) 113,128,193. Crucially from a global 

health point of view, both diseases can be controlled relatively successfully with the right 

infrastructure and systems in place but can quickly cause outbreak if conditions are right.  

 

C. diphtheriae was first demonstrated as the causative agent of the respiratory disease 

diphtheria in 1883 by Edwin Klebs, and a year later the bacterium was cultured for the first 

time by Friedrich Löffler, as one of the first proofs of Koch’s Postulates 128,194,195. In 1888, 

Roux and Yersin presented evidence that it was products produced by C. diphtheriae, rather 

than just the bacteria itself, that caused disease symptoms in diphtheria cases, determined by 

injecting animals with sterile filtrates of liquid C. diphtheriae cultures 196. It was not until a 
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vaccine was developed and release 4 - 5 decades later in the 1920s and 30s that diphtheria 

cases started to drop worldwide, ceasing to be a leading cause of childhood mortality 128. 

 

Transmission of the bacterium occurs by the inhalation of contaminated water droplets in the 

air, or by contact with a contaminated surface 193. Unlike V. cholerae, it is not believed C. 

diphtheriae can survive long in external environments, and it has only been sporadically 

found in animals, the majority of which have had easily-traced close contact with infected 

humans 197. 

 

Finally, 4 biovars (variant strains based on physiological differences) have been reported in 

C. diphtheriae; gravis, mitis, intermedius, and belfanti 198. While traditionally included in the 

diagnosis step, whole genome sequencing analysis has suggested that there is no consistent 

genetic basis for biovar differentiation 198. Others have proposed that biovar belfanti should 

be considered a separate Corynebacterium species 199. Outside of C. diphtheriae, other 

Corynebacterium species have been shown to cause diphtheria-like infections, most notably 

Corynebacterium ulcerans and Corynebacterium pseudotuberculosis 200–203 

 

1.4.2 Disease and Diagnosis 

The definitive symptom of diphtheria is the pseudomembrane; a white-grey build-up of dead 

cells over the pharynx, larynx and tonsils 193. Alongside this, diphtheria usually causes severe 

flu-like symptoms, including angina, sore throat, and mild fever, as well as ‘bull neck’, a 

swelling of the lymph nodes, although any of these symptoms may be absent in some clinical 

cases 127,128,193. The disease has historically been caused by toxigenic C. diphtheriae, 
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secreting diphtheria toxin encoded by the tox gene, itself carried on a corynephage 204. In 

recent decades, non-toxigenic diphtheria has come into focus. Those C. diphtheriae isolates 

that either do not carry the phage, or whose tox gene has become defunct (known as non-

toxigenic toxin-bearing, or NTTB), have still shown the capability to cause invasive or 

systemic infections, although the exact pathogenesis of which are yet to be determined 135,205–

207. Diphtheria case fatality rates remain higher than many other treatable and controllable 

diseases, exceeding 10% in some areas 208. 

 

The gold standard for diphtheria diagnosis is, much like cholera, culturing from a clinical 

specimen, although in diphtheria this is followed by a toxigenicity test known as an Elek Test 

209. This presents the same challenges as with cholera, where time is often of the essence 

when treating diphtheria, but diagnosis is often delayed for well over 24 hours due to 

culturing requirements, transport times, and human error. PCR testing has also been proposed 

and proven as a viable alternative, but culturing remains the recommended method for 

medical and reference laboratories 209–211. Due in part to the much lower prevalence of the 

disease, the development of RDT devices for diphtheria have not become widespread. 

 

Once diagnosed, diphtheria treatment has remained remarkably unchanged for decades, 

recommending a treatment of penicillin or erythromycin for two weeks, with a further course 

if required 209. Other macrolides are available, including azithromycin or clarithromycin 209. 

This must be given alongside the rapid administration of diphtheria antitoxin for toxigenic 

infections 209 
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1.4.3 Vaccines and immune therapy 

As impactful as the development of the diphtheria vaccine was, the development of the 

diphtheria antitoxin was rightly hailed as a major achievement at its time. Emil von Behring, 

with the aid of Shibasaburō Kitasato, discovered that the extracted serum of animals 

immunized with C. diphtheriae could be used to counteract the effects of diphtheria toxin in 

infected humans 212. This work went on to win von Behring the very first Nobel Prize in 

Physiology or Medicine in 1901 213. Diphtheria antitoxin is still produced using equines today 

214. 

 

Despite the antitoxin’s obvious success, it has become increasingly difficult to obtain in 

recent years, especially in high income countries. In Spain and Belgium, unfortunately, two 

highly similar situations presented themselves in 2015 and 2017 respectively 215,216. In both 

cases, young children (6 and 3) who did not have the full protection of the vaccine, contracted 

diphtheria and were taken into hospital 215,216. Tragically for both, delays in obtaining and 

administering anti-toxin treatment led to their deaths 215,216. Reviews years before in 2009 and 

2014 had warned that numerous countries across Europe did not carry stockpiles of the 

antitoxin due to the perceived low risk of disease occurrence, despite case imports occurring 

sporadically across the region 217,218. Additionally, due to the low amounts being bought, 

many pharmaceutical companies across the globe have ceased production 217.  Due to the 

potential side effects of serum sickness, as well as the pressing lack of availability, alternative 

methods to diphtheria antitoxin have been proposed, including human mono- and polyclonal 

antibody-based therapies 214,219. 
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Developed during the 1920s and 30s before being fully introduced during the 1940s, the 

diphtheria vaccine is a toxoid formulation designed to offer immunity to diphtheria toxin 

(DT) 220. At the time the vaccine was developed, case numbers were still high, with the USA 

alone recording 100,000-200,000 cases, and 13,000 – 15,000 deaths per year 221. Cases fell 

drastically after widespread vaccine deployment, down to 4,333 in 2006, the lowest number 

since the WHO started recording 222 

 

The toxoid formulation has been shown to not be fully pure, with proteomic analysis 

suggesting additional immune benefits from the C. diphtheriae-derived cellular impurities 

that remain during production 220. The vaccine is part of most national immunisation 

programs, often in the form of trivalent formulation with pertussis and tetanus. In the UK, a 

hexavalent 6-in-1 vaccine is given at 8, 12 and 16 weeks, incorporating vaccine components 

for diphtheria, hepatitis B, H influenzae type b, polio, tetanus, and pertussis 223,224. It has been 

noted though that in many areas, especially Low-to-Middle Income Countries (LMICs), 

national immunisation programs have been heavily impacted by COVID-19, raising the 

spectre of large-scale vaccine gaps in regions most at risk of outbreaks. 

 

1.4.4 Epidemiology 

The WHO records reported diphtheria cases from multiple member countries, and guidelines 

suggest that nations monitor diphtheria cases at the district level 222,225. While this is a simple 

task for many high-income countries, it can present a challenge for LMICs, especially in rural 

areas where cases might never make it to national records. In Europe surveillance is 

undertaken through The European Surveillance System (TESSy) managed by the European 

Centre for Disease Prevention and Control 226. Previously there were multiple versions of a 
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diphtheria specific system, including the European Laboratory Working Group on Diphtheria 

(ELWGD) (1993 – 2006) and DIPNET (2006 – 2010), before being renamed the European 

Diphtheria Surveillance Network and incorporated into TESSy from 2010 onwards 226. In the 

USA, the National Notifiable Diseases Surveillance System (NNDSS) encompasses ~120 

diseases, diphtheria among them 227. There is a risk that large scale networks could miss 

small but important changes in cases of diphtheria disease not considered a danger or priority, 

and one that must be accounted for when analysing data. 

 

Post-vaccine introduction, diphtheria cases around the world reported to the WHO fell 

significantly 222. Figure 1.11 shows the WHO reported case numbers per year.  

 

 

Figure 1.11: Diphtheria case numbers reported to the World Health Organisation, 1980 – 2019 222. 
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In the mid-1990s, there was a large spike in cases driven by the dissolution of the Soviet 

Union 130. Gaps in healthcare infrastructure and delays in vaccination schedules created a 

perfect storm for diphtheria outbreaks in unprotected individuals, with Belarus becoming the 

case study example of outbreaks going forward 130,228. Cases began in 1992, and doubled each 

year until 1995 when the outbreak peaked across the Post-Soviet states 130,222,228. The 

epidemic was curtailed by numerous mass vaccination programs for all adults and children 

across the country, and only 36 cases were presented in Belarus by 1998 228.  

 

Following this, low incidence rates continued throughout the early 2000s and early 2010s, 

with single country outbreaks causing minor spikes 222. However, over the past few years, as 

shown in Figure 1.12, case numbers have been on the rise once again 222. 

 

 

Figure 1.12: Diphtheria case numbers reported to the WHO, 1910 – 2019 222. 
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This significant rise in cases over the past 10 years has been driven by major outbreaks, in 

countries including Ethiopia, Madagascar, and Yemen 222. In 2018, 16,911 cases was already 

the highest number since 1996 (28,624) 222. As shown, 2019 continues this trend, increasing 

by over a third to 22,986 reported cases 222. Figure 1.13 shows the 10 countries with the 

highest number of cases from 2010 – 2019, while Figure 1.14 shows a heatmap of cases by 

country for 2019.  

 

 

Figure 1.13: Countries with the highest number of diphtheria case numbers reported to the WHO 2010 – 2019 222. 
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Figure 1.14: Heatmap of diphtheria case numbers reported to the WHO in 2019 (darker colours show a higher number of 

cases) 222. 

 

Since the dawn of the 21st Century, India has reported an average of 61% of world cases per 

year, remaining the country with the largest levels of diphtheria 222. This average did not 

change over the last ten years, with the 2010 – 2019 average remaining 61%. During this 

period, case numbers decreased initially before increasing again over the last few years. 9622 

cases (42% of the global total) reported in 2019 is the highest number since 1991 222. In some 

high-income countries it is a similar story with reports in recent years being unexpectedly 

high. The UK reported 15 cases in 2018 and 12 in 2019, and while much lower than many 

other countries, they still represent the highest case number on record 222.  Germany cases 

were 26 in 2018 and 15 in 2019, the highest since 1982 222. While France reporting record is 

sporadic, the 39 cases reported in 2013 – 2017 (the most recent records) are almost as high as 
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the 45 reported in all years previously 222.  While this trend is not present in all areas of the 

globe, it is still an alarming statistic, and one that highlights diphtheria as a re-emerging 

global health threat. 

  



54 
 

1.4.5 Impact of genomics on our understanding of diphtheria 

Compared to cholera, diphtheria has not had many ‘landmark’ papers in the field of 

genomics. Indeed, the two largest studies to date are Grosse-Kock et al.’s 2017 work on the 

Belarusian outbreak isolates, and Hennart et al.’s 2020 work on historical French and French 

territory isolates 130,138. While our understanding of C. diphtheriae’s physiology and 

laboratory behaviour is relatively well developed, large scale analysis of genomes using 

modern genomic techniques is still lacking. Most current studies have focussed on individual 

outbreaks, and the combination of laboratory techniques and genomics, when used, can offer 

information on outbreak structure, virulence, and AMR. All these are important for outbreak 

management, but additional information such as the likely source, method of introduction, or 

how the outbreak isolates fit within a wider context is often unavailable due to the limited use 

of reference and representative genomes. This point to a large gap in information that could 

be highly relevant for future surveillance and control of diphtheria. 

 

Even within C. diphtheriae genomics, there are differences in points of view between groups 

in key areas, such as the value of biovars, or whether certain isolates are even C. diphtheriae 

at all 198,199. The creation of a shared framework in the vein of Mutreja et al for cholera is 

rapidly needed, both to develop and present a population structure that allows future groups 

to put their isolates in the correct context, but also to define key methodologies and 

terminology. This will allow genomic studies of the future to be directly comparable in a way 

that many are not today. 
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1.5 Bacteriophages and their role in Cholera and Diphtheria toxins 

As viruses like the common cold infect humans, a bacteriophage is a virus that infects 

bacteria. Bacteriophages predate the bacterial cells by injecting their own genome and aiming 

to command the bacteria’s DNA or RNA replication structures to replicate themselves 229. 

This process causes major problems for the bacterium, often leading to bacterial cell death 

229. Indeed, it is fitting to call bacteriophages the natural predators of bacteria, parasitising the 

bacterium, often leading to death, for their own replication and survival 230,231 Figure 1.15 

shows the replication cycle of bacteriophages. 
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Figure 1.15: The replication cycle of a bacteriophage, taken from Labrie et al, 2010 229. 

 

This replication is predominantly at no benefit (and usually great cost) to the bacteria, and the 

arms race between bacteriophages and their bacterial victims is forever progressing 229. 

Absorption blocking, superinfection exclusion systems and the well-documented CRISPR–

Cas systems are all utilised by bacteria to outright prevent infection, or to deal with the viral 

genome now-present in their genome 229. One method demonstrated by V. cholerae is to 

secrete outer membrane vesicles that offer protection against predation 232. Phages meanwhile 
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have adapted to counter many of these steps, and their continued success is testament to the 

rapid rate of their evolution across the order and families 229,233.  

 

Phages are extremely diverse, which in turn is evidence of the variety of host targets available 

to them 229,233. It is estimated that phages are the most numerous microorganisms on Earth, 

with 10 bacteriophages present for every bacterium 229,234. The structure of phages has always 

been striking, and Figure 1.16 shows some of the major milestones in the imaging of these. 

Over 5000 phages have been imaged since 1959, and the high interest across disciplines was 

demonstrated when ϕX174 became the first sequenced genome in 1977, thanks to Fred 

Sanger and his team 21. 

 

 

Figure 1.16: Milestones of bacteriophage imaging, from 1940 – 2017. Taken from Almeida et al., 2018 235 
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Phages have been presented as a future antibacterial therapy, in an era of increasingly 

antimicrobial resistant pathogens 231. By utilising phages as a carrier, antibiotic agents could 

be applied directly to bacterial cells, and could become part of the future of therapeutics 231. 

The main barrier is not only future research, but also involves public opinion, policy and 

regulation in parts of the world 231. 

 

Phage DNA can become integrated into the host cell genome, the bacteria then acquiring the 

genes contained within the virus 233,236. This is the case in both V. cholerae and C. 

diphtheriae, where the toxin traditionally associated with both diseases is coded for by an 

incorporated bacteriophage gene 204,237. This ability to secrete toxin presents an evolutionary 

advantage to both species, allowing both to weaken their host and its immune defences, albeit 

at the risk of host death. While the correlation between phage and toxin diversities are not 

fully understood, it is clear that while bacteriophages present a threat to bacterium survival, 

they can be utilised by the bacteria for their own benefit, whether by mechanism or accident.  

 

Both cholera and diphtheria toxins are AB toxins, with DT one of the most well researched in 

the family 238. The term ‘AB’ comes from the toxin family structure and mode of action, 

where an A-subunit and a B-subunit are synthesised and released by the cell bonded together 

by covalently associated disulphide bonds, also termed bridges 239,240. AB toxins have a long 

history with bacterial infectious diseases, from anthrax and botulinum 241,242. The latter, 

despite being one of the most toxic biological substances available, is regularly used in 

cosmetic surgery 243. Cholera toxin belongs to a subfamily known as AB5 toxins, where rather 

than one A and one B subunit, the toxin structure contains one A and five B, linked together 

non-covalently to the A subunit 240,244. Other AB5 toxins include those released by Bordetella 
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pertussis and Shigella dysenteriae. Outside of bacteria, AB toxins can be found in the 

kingdom Plantae, the best described of which is ricin, produced by Ricinus communis, the 

castor bean plant 245.  

 

After synthesis and release by a bacterial cell, the toxin molecule enters the surrounding 

environment. Upon reaching a host cell, the binding subunit (B) binds with target receptors 

and allows the toxin to cross the lipid bilayer into the cell. Once there, the disulphide bond 

holding the subunits together are broken, and the now activated A subunit enters the 

cytoplasm, while the B subunit remains. Figure 1.17 shows a simplified graphical description 

of the process, from release to activation within a cell. 

 

 

Figure 1.17: Simplified graphical representation of an AB toxin, from release by the bacterial cell to activation within a host 

cell. 1) the AB toxin is secreted by the bacterial cell. 2) the B subunit binds to a receptor on a target cell’s membrane and 
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facilitates crossing. 3) now inside the target cell, the bond between the A and B subunits is broken. 4) The unbound A subunit 

is now an active toxin inside the cytoplasm.  
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1.6 Antimicrobial Resistance  

 

1.6.1 History  

Antimicrobial Resistance (AMR) is when a microbe (bacteria, virus, parasite, or fungi) 

develops the ability to no longer be susceptible to antimicrobial agents. The phenomenon was 

predicted by Alexander Fleming in 1945 246,247. Speaking to the New York Times, Fleming 

spoke about his Nobel Prize-winning discovery of penicillin, and how it could lead to 

selection pressures on bacteria if it was misused 246,247. Unfortunately, he was completely 

correct, as numerous microbes have demonstrated very clearly in recent times. As the use of 

antibiotics has skyrocketed in the eight decades since Fleming gave that interview, the 

pressure to develop mechanisms of resistance has been ever-increasing for bacteria 248. The 

constant challenge for any new antibiotic agent is that the pressure to develop or acquire 

resistance against it begins the moment it is first deployed 248. 

 

The first recorded cases of resistance were reported in the late 1930s, shortly after the 

introduction of sulphonamides in 1937 248. Before penicillin was even deployed 

therapeutically, Abraham and Chain had reported a bacterial enzyme that broke down the 

drug, rendering it ineffective 249. Resistance only became more widespread after its use 

became more extensive, the trend going hand-in-hand 248. Many new antibiotics were 

discovered and introduced over the years, but in recent decades few new antibiotic classes 

have been discovered, as shown in Figure 1.18. No new classes means that on paper the arms 

race between the development of new methods of resistance and the development of new 

antibiotic agents has been all but lost. There are however many new antibiotics in active 
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development and trials. In 2019 the CDC reported 42 antibiotics in development, with one in 

four a novel class or mechanism of action, highlighting the continue efforts of researchers 

across the world to continue the fight against resistant pathogens 250. 

 

 

Figure 1.18: Antibiotic discovery timeline, adapted from the WHO Antimicrobial Resistance Global Report on Surveillance 

2014 infographic 251. 

 

In  WHO first report on the global status of antibiotic resistance, published in 2014, species 

including K. pneumoniae, S. aureus, N. gonorrhoeae and M. tuberculosis were specifically 

mentioned as of serious concern 252. Additionally, the report mentioned malaria, HIV and 

influenza as non-bacterial diseases that demonstrate serious levels of resistance 252. All of the 

bacterial species mentioned had demonstrated widespread resistance by 2014, including 

untreatable gonorrhoea being reported in 2012 252,253. 

 

The threat posed by AMR has been acknowledged at national and international levels. The 

WHO ranks AMR as one of the biggest threats to global health, food security, and 

development today 254. The European Commission adopted a One Health action plan against 

AMR, at the request of EU countries 255. In the UK, the O’Neill report published in 2016 

detailed the threat of AMR globally, commission by the then-UK Prime Minister 256. As 

Figure 1.19 shows, O’Neill predicted that by 2050 there would be 10 million deaths 
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attributable to AMR 256. In 2019, the UK Government published a five year national action 

plan to tackle AMR, focussing on the key areas of reducing and optimising antibiotic use, 

alongside innovation, supply and access investment 257. Funding pots like The Fleming Fund 

have been set up, directing £265 million across 24 countries to further research into AMR 

globally 258. 

 

 

Figure 1.19: Deaths due to AMR and other major causes, taken from O’Neill, 2016 256.  

 

1.6.2 Methods of spread 

The most well-known way AMR is transmitted is via plasmids. The term ‘plasmid’ was first 

coined by Joshua Lederberg in 1952, and was an attempt to create a catch-all term for the 
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multitude of words being used at the time to describe ‘extra-chromosomal hereditary 

determinants’ 259. His attempt was very successful, as proven by the widespread use of the 

word today. Another part of his definition was that ‘the plasmid itself may be genetically 

simple or complex’, and this was another element he got correct; while some plasmids are 

small, others can be much larger, both in size and gene content 260,261. 

 

William Hayes was the first to show gene transfer without reciprocal genes going back the 

other way during exchanges between bacteria 262. Initially published in Nature in January 

1952, it was not until during a presentation in Pallanza, Italy at the Second International 

Symposium on Microbial Genetics that the so-called ‘Pallanza Bombshell’ discovery was 

widely received 262,263. The mechanism of horizontal transfer is the main method of AMR 

spread that can act as a major driver of evolutionary change in a bacterial species 264. 

Theoretically, all types of genes can be transferred from one bacterium to another, although 

certain types of genes, and indeed certain species of bacteria, have a higher propensity to 

undertake or be part of horizontal gene transfer 265.  

 

There are three main methods used by bacteria to horizontally transfer genetic material 266. 

The first is called transduction, utilised by bacteriophages to multiply within a host cell 

before infecting additional bacteria 266. These phages can carry AMR genes from a previous 

host and transport them to new prey in this way, providing a small benefit to the bacteria they 

eventually infect, assuming it survives 267.  
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Transformation is the second, and is the release and uptake of free DNA into and from the 

environment 266,268. DNA can enter the environment in various different ways, released by 

cell disruption and cell death, although some species have a higher propensity to ‘kick out’ 

genetic material during standard life (these include species such as Streptococcus 

pneumoniae, B. subtilis, Acinetobacter calcoaceticus, and Pseudomonas aeruginosa) 266,269–

271. DNA is not immediately degraded outside of the cytoplasm, and has been shown to last 

for hours or even days depending on the outside conditions 266. Transformation is a 

mechanistically challenging for bacteria, requiring the cell to be in a state of ‘competence’ – 

able to uptake and integrate foreign DNA into their chromosome. To this end, they utilise a 

network of proteins and transport systems to transport the DNA through their wall and into 

their cell itself 268. Some species are highly competent and able to undergo transformation 

often, while others are only competent under specific conditions, if at all 268.  

 

Conjugation is the third method, and the one utilised most often in the movement of 

plasmids, and thereby AMR 265. As shown in Figure 1.20, conjugation occurs when inter-

cellular bridges are formed, and DNA passes across it 265.  
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Figure 1.20: Conjugation of plasmid during horizontal gene transfer between two bacterial cells. Taken from Gogarten and 

Townsend, 2005 265. 

 

Transmission of plasmids happens quickly at ambient temperatures, keeping the plasmid 

whole and unfragmented 265. While some plasmids are genus specific, interspecies horizontal 

gene transfer allows AMR to cross species barriers regularly 267. Plasmids have been found 

across the spectrum of bacterial hosts, including in humans and animal-associated microbes 

as well as those dwelling in soil and marine environments 267. The ever-increasing use of 

antibiotics has driven the selective pressure to develop resistance to an all-time high, and 
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AMR is becoming so well transmitted around populations that it has serious implications for 

future treatment 272. 

 

1.6.3 Impact on future treatment 

The increasing levels of AMR being reported, coupled with resistance development to an 

increasing number of those drugs kept as ‘last resort’ options, raises a near-future situation 

where infections treatable today become entirely untreatable tomorrow. As shown in Figure 

1.18, the O’Neill report predicted 10 million deaths due to AMR by 2050, and the UK’s 

Special Envoy on Antimicrobial Resistance Dame Sally Davies (previously Chief Medical 

Officer, 2011 – 2019) recommended that AMR be listed alongside pandemic influenza and 

terrorism on the UK government list of threats to national security in 2013, highlighting the 

scale of the problem faced 273,274. 

 

The untreatable future has already arrived in some cases, as previously mentioned completely 

untreatable gonorrhoea was reported as early as 2012 252,253. In S. Typhi multi-drug resistance 

appeared in 1972 across Mexico 275. Presenting resistance to chloramphenicol, tetracycline, 

streptomycin, and sulphonamides, these gene came courtesy of a plasmid 275. A similar 

plasmid family was found to offer MDR to S. Typhi decades later in Vietnam 275. Increasing 

AMR in S. Typhi has led to the emergence of extensively drug resistant lineages in Pakistan, 

limiting treatment to only a handful of antibiotic agents. Azithromycin being the only broadly 

efficacious oral antibiotic treatment, while meropenem and tigecycline are the only other 

options, both requiring intravenous administration 275–278. Unfortunately, Carey et al reported 
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azithromycin resistance in Northern India March 2021, as well as highlighting azithromycin-

resistant S. Typhi bacteria in Bangladesh, Pakistan, and Nepal 278. 

 

The picture presented by S. Typhi and N. gonorrhoeae is one that is being repeated by other 

pathogens across the world, and this will require new approaches and different ways of 

treatment going forward. Synthetic antibiotics (those engineered in a laboratory, rather than 

based on a natural project) have been proposed as one avenue forward 279,280. Synthetic 

antibiotics can include existing structures adapted into new forms, or completely novel 

structures that do not exist naturally 279.  

 

While the benefits of new antibiotics are easily understandable, there have been questions 

raised around the environmental impacts 280. The high levels of antibiotics found in soils and 

marine environments show that antibiotic ‘runoff’ is an ever present danger, and one that 

drastically increases the development of AMR 280. What impact these novel synthetic 

antibiotics might have on the ecosystems in these environments has been raised as an area 

needing further investigation 280. 

 

Phage therapy meanwhile is an ever-increasing body of research that aims to harness 

bacteriophages and direct them to kill pathogens 281–283. Mechanisms of action include using 

phages as a delivery system transporting antibiotic agents to specifically targeted species, 

utilising phage-derived enzymes to kill bacteria, and utilising bacterial phage-resistance 

mechanisms as potential new avenues to treat them 281. As phage therapy has expanded, it has 

been met with policy challenges 231. While some countries have begun using phage therapy 
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within their healthcare systems, they remain the exception 231. What is clear is that the future 

of bacterial pathogen treatment must move beyond relying on antibiotics, exploring, and 

improving alternative methods while there is still time before they are all that is left. 
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1.7 Genome Sequence Impact on Policy 

 

1.7.1 Cholera & diphtheria 

Genome sequencing has expanded our understanding of many diseases, with cholera being a 

very good example. As whole genome sequencing has become the norm in both large- and 

small-scale investigations of V. cholerae, our understanding of the global population and its’ 

spread continues to improve 123,124,192. The shared framework and terminology have allowed 

transmission networks to be determined, which have a very clear implication for policy 

makers in single countries as well as across regions 123,124,192. Inside a single country, 

knowing the source of an outbreak, or indeed if there are multiple outbreaks occurring 

simultaneously, facilitates a more targeted, rapid response, including cutting transmission 

networks and sending resources to affected regions. Additionally, the importance of cholera 

vaccinology has been highlighted and further developments may be aided by the wealth of 

whole genome sequences available 182,284. 

 

Building upon the wealth of genomic research into cholera, the Global Task Force on Cholera 

Control (GTFCC) was revitalised by the WHO in 2011 285,286. In 2017 the GTFCC made a 

declaration aiming to eradicate cholera, and committed to targeting a 90% reduction in deaths 

caused by the disease by 2030 287,288. In the 2017 declaration and control strategy, the 

GTFCC set out the roadmap to 2030, based around early detection of outbreaks and quick 

responses to contain them.  A goal was to prevent cholera recurrence using multi-sectoral 

approaches, and utilise effective mechanisms to coordinate experts across disciplines with 

local and global partnerships and the mobilisation of resources 288. Thanks to the work of 
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numerous groups across the world, genomics has improved our understanding of the origin of 

cholera transmission routes and evolution across the globe. This information has been 

invaluable in the fight to eradicate this preventable disease, including identifying the 

importance of cholera focal points including the Bay of Bengal and Lake Victoria 120,123–

125,289.  

 

Diphtheria has not yet had the widespread genome sequencing and genomic analysis that 

cholera had benefitted from, but there is still room for policy impact. Diphtheria remains one 

of the diseases included on nearly all countries vaccination schedules, and recent outbreaks 

across the world have highlighted the continued threat of its re-emergence 193,208. The large-

scale gaps in antitoxin availability have also lead to policy change recommendations 217,218. 

Major outbreaks such as in Yemen have shown the importance of controlling diphtheria, and 

that cannot be achieved without international collaboration 290,291. As our understanding of C. 

diphtheriae globally grows, especially through genomics, these recommendations can be built 

upon and strengthened, to have a real impact on policy in regard to diphtheria. 

 

Social turmoil are the main sources of major outbreaks of both cholera and diphtheria, and 

the political struggles within countries often lead to these perfect storms, such as the 

dissolution of the Soviet Union or the recent war and turmoil in Yemen 130,237,290. If these 

challenges cannot be dealt with at a country level, international communities must come 

together to tackling them. This will reduce or even prevent further outbreaks and transmission 

of these diseases, a benefit to all. Outbreaks offer a fertile ground for further evolutionary 

developments in pathogens. such as AMR occurring at a faster rate than it otherwise would. 
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1.7.2 Other examples 

The application of genome sequencing to track the spread of AMR has been instrumental in 

improving our understanding, as well as highlighting the scale of the problem 252,253,275–278. 

By using genomics as one of the core pillars for highlighting the danger AMR poses to the 

future of global health, many countries have now begun to take meaningful action to counter 

the development and spread 255,257,258. The WHO ranking AMR as one of the biggest threats 

to global health, food security, and development today shows the scale of international 

awareness of the problem, and this is due in part to the successful application of genomics 254. 

 

Some organisations, such as the PHG Foundation, have championed the power of genomics 

impacting policy 292. In their 2015 report by Luheshli et al, they highlight several other ways 

whole genome sequencing has come to bear in the world of UK policy 293. One such case 

study highlights the challenge of Streptococcus pneumoniae vaccinology, where there are 

over 90 different serotypes that vary significantly in the dangers posed to infected individuals 

293. Current vaccine programs target only 13 serotypes 293. Consequently, vaccine escape can 

and have occurred following inter-serotype recombination. This has been countered using 

whole genome sequencing genomics, where large studies have been able to determine the 

evolutionary changes that have led to vaccine escape, and making recommendations as to 

improvements 294–297. 

 

Genomics can also be used to quickly understand pathogen outbreaks. Both in the swine flu 

outbreak in 2009 and the Ebola outbreak of 2014, transmission of the diseases were able to be 
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tracked almost in real time, as well as placing a time scale to the emergence of the pathogen 

and determination of its origin 298,299. Both highlighted the power of genomics to understand 

ongoing pandemics, something that continues to be built upon during the ongoing COVID-19 

pandemic. 

 

1.7.3 COVID-19 

As the largest pandemic in modern history, COVID-19 has, and continues to have, major 

impacts on the daily lives of billions. First reported in December 2019 as a viral pneumonia 

outbreak in Wuhan, China caused by a novel coronavirus SARS-CoV-2, COVID-19 has gone 

on to cause over 114 million cases and 2.5 million deaths, as of the March 2021 300. 

 

This has naturally had a major impact on policy in countries around the world as 

governments attempt to control outbreaks within their own nations, and genome sequencing 

has played a large part in improving our understanding of the pandemic globally. It is 

imperative to understand the evolutionary changes occurring in COVID-19 in real time 301. 

This information guides the development of diagnostics, treatments, and vaccines, providing 

knowledge of sources and transmission networks, as well as future treatment failures and 

vaccine escape potential 301. 

 

Acknowledging this importance, in the UK the COVID-19 Genomics UK Consortium (COG-

UK) was founded 302. Begun as a concept on the 4th March on a phone call between experts 

and enthusiasts of genome sequencing, this was quickly followed by a meeting on the 11th, 

and a proposal for funding on the 15th 303. Funding began on the 1st April 2020, and was set 
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up as a joint initiative between the Department of Health and Social Care, UK Research and 

Innovation, the Wellcome Sanger Institute, public health agencies and hospitals across the 

UK, and many academic partners 302.  

 

Thanks to the early inception and tireless work of COG-UK, the UK leads the world in 

SARS-CoV-2 genome sequencing 304,305. COG-UK passed 100,000 genomes within 8 months 

of the pandemic reaching the UK (November 2020) and has now sequenced over 350,000 

genomes as of March 2021 306,307. The US follows in second for the number of genomes 

sequenced, while Australia and Iceland have the highest ‘sequenced genome per case’ ratio 

305. 

 

This ever-increasing amount of genomic data has allowed lineages of SARS-CoV-2 to be 

found, including some reported to have an increased rate of transmission 308. The large 

amount of data has allowed researched to establish lineage dynamics across the UK, with 

over 1,000 lineages having become established in the country, as reported by Du Plessis et al. 

in February 2021 309. It is of paramount importance to understand the national and global 

picture of this disease, as this can then feed into policy makers and their decision making. 

These decisions can have massive impacts on people’s lives, as choices of when to impose 

travel bans or lockdowns can save many from infection and potentially death, although they 

have massive impacts on people’s livelihoods and mental health 310. 

 

Most quantum leaps in global health have been driven by major public health crises 311. 

Outbreaks of viruses like Ebola and Zika had primed the world to the threat of potentially 
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global serious disease pandemics, and coronaviruses had previously been raised as a potential 

source of concern, with Chen et al. raising the idea as early as 2007 293,311,312.  

 

1.8 Aims of the thesis 

Utilising novel genome sequences from bacteria collected in India, Ghana, and across the 

globe, this thesis aims to demonstrate the power of genomics to understand pathogen 

evolution across time and space. C. diphtheriae and V. cholerae, despite their many obvious 

differences, both share a large number of important characteristics. Both Cholera and 

diphtheria have been described as ‘ diseases of poverty’, with low-income countries 

significantly more affected by the disease that those with higher incomes 313. This is true in 

terms of total case numbers, rate of cases/100,000 people, and mortality, where the numbers 

in lower-income countries are many times higher than in higher-income countries 313.  

 

Additionally, outbreaks of the diseases caused by these two bacterial pathogens are both 

strongly linked to the same socio-economic factors. Diphtheria, much like cholera, will re-

emerge significantly in areas of social turmoil and among populations without access to 

adequate medical care. This has been recently demonstrated among the Rohingya refugees as 

well as the war in Yemen, where the forced displacement of millions and confinement in 

close proximity quickly caused a significant spread of cases – both for cholera and diphtheria 

183,290,291,314–317. In both situations, widespread vaccination efforts and the expansion of 

medical treatments were able to curtail and control the outbreaks, but both diseases will 

quickly return under similar conditions without correct management. 
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The power of genomics has been demonstrated in the field of V. cholerae, giving us a global 

framework from which multiple studies have grown. This has facilitated comparable country, 

region, and continent level cholera studies, something which research on diphtheria and C. 

diphtheriae has been largely lacking. Here, we aimed to use novel genomes from India, the 

country most affected by diphtheria, combined with previously published genomes, to 

elucidate a global picture of the C. diphtheriae population structure. Additionally, while 

AMR has not previously been reported as a widespread problem within the species, it is 

important to understand if the situation is changing. Additionally, due to the importance of 

diphtheria toxin in diphtheria pathogenesis, variation within the diphtheria toxin-encoding 

gene tox warrants investigation. An aim was to exploit novel Indian C. diphtheriae genomes 

within a national context to better understand the population structure, AMR, and toxin 

variation within the country most affected by C. diphtheriae. 

 

A further aim was to investigate, using genomics, the evolution of cholera within a specific 

country, Ghana, and in the context of antigenic variation e.g., the evolution of the O139 

serotype. Hence, we investigated the national picture of cholera in Ghana, with 

representatives from other African cases and beyond to place Ghana V. cholerae into the 

global picture of the species. We investigated the presence of AMR in the V. cholerae within 

the country and explored the impact outbreaks in neighbouring countries may play in relation 

to cholera in Ghana. 

 

Finally, the emergence of O139 V. cholerae presents a fascinating story, going from being 

perceived as an incredibly competitive lineage purported to be the start of an eighth pandemic 

to obscurity in only a few decades. By assembling a collection of genomes from O139 



77 
 

isolates, we aimed to improve our understanding of how O139 was able to so effectively 

outcompete O1 cholera and determine what drove this seemingly very fit lineage to almost 

entirely disappear. 

 

Across both species, these results could have implications for scientific, medical and policy 

stakeholders at national and international levels. Our aim was to reveal the population 

structure, AMR, and toxin variations across these two species than play incredibly important 

roles in global health today. Despite the number of cases, both pathogens still need to be 

controlled with the right resources, and these studies could add more information in the fight 

to eradicate these preventable diseases. 
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2.0 Methods 

 

2.1 Corynebacterium diphtheriae and Vibrio cholerae genome data 

collection 

To assemble our C. diphtheriae and V. cholerae collections, novel clinical isolates were 

grown and DNA was extracted, before short read Whole Genome Sequencing (WGS) was 

carried out using an Illumina HiSeq v4 platform at the Wellcome Sanger Institute. These 

were combined with publicly available genomes and their metadata obtained from the 

National Center for Biotechnology (NCBI) Genbank and European Bioinformatics Institute 

(EMBL-EBI) European Nucleotide Archive identified after reviewing previous studies 288,318. 

 

2.2 C. diphtheriae core gene analysis 

After the extremely high recombinogenic variation was identified across the C. diphtheriae 

genome collection (identified using Gubbins (v2.4.1) and Phandango (v0.9)), we used Prokka 

(v1.5) to annotate our genomes, before Roary (v3.13.0) identified the genes present within 

99% of our genomes, extracting and concatenated them into a core gene alignment 319–322. 

SNP-sites (v2.5.1) was used to identify the single nucleotide polymorphisms (SNPs) present 

across our core gene alignment, and this was the base of our phylogeny. 
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2.3 V. cholerae genome mapping 

To create the alignments we would use in the phylogenetic tree construction for both the 

Ghanaian and O139 V. cholerae analyses in Chapters 5 and 6, we mapped all our genomes 

against the reference genome V. cholerae NI6961 utilising SMALT mapping and the 

‘multiple_mapping_to_bam’ and ‘join_dna_with_indels’ scripts developed by Simon Harris 

323,324. The alignments produced by these scripts were filtered for recombination using 

Gubbins (v2.4.1), and the SNP alignment output from Gubbins was used for the construction 

of our Ghanaian and O139 phylogenies 321.   

 

2.4 Phylogenetic tree construction 

Across Chapters 3, 5, and 6, the methods of constructing phylogenetic trees were kept 

constant. IQ-TREE (multicore version v1.6.10) and the inbuilt ModelFinder were used to 

infer the phylogenetic structures of all three SNP alignments (C. diphtheriae, Ghanaian V. 

cholerae and O139) 102,325. 1000 pseudo-bootstraps were used during the construction of our 

phylogenies. 

 

The phylogenetic trees produced were annotated with geographical and temporal metadata, as 

well as results of further analyses, using Figtree  for ordering of nodes and the Interactive 

Tree of Life (iTOL v5.5.1) for visualisation 112,326. 
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2.5 Genotypic AMR gene analyses 

Our C. diphtheriae genome collection was interrogated for the presence of AMR gene 

determinants using ARIBA (v2.14.6) and the ARG-ANNOT AMR gene sequence database 

104,327. The O139 V. cholerae genome collection was analysed using the Short Read Sequence 

Typing for Bacterial Pathogens tool (SRST2 v0.2.0), while the Ghanaian V. cholerae 

collection was analysed with both ARIBA and SRST2 after Kraken2 (v2.0.8), KrakenTools, 

and Abacas (v1.3.1) were used to mask and remove reads that were not identified as V. 

cholerae 105,328–330.  

 

2.6 Diphtheria toxin gene tox analyses 

In-silico PCR, utilising a script written by Simon Harris, was used to extract the diphtheria 

toxin gene tox from our C. diphtheriae collection 106. Non-synonymous mutations were 

identified by comparing novel variants against that carried by the vaccine strain and plotted 

onto the diphtheria toxin protein 3D model 1XDT obtained from the Protein Data Bank 

utilising the UCSF ChimeraX (v1.1) tool 331–333. The level of impact that these mutations may 

have on the protein structure was estimated by PHYRE2 (v2.0) and the inbuilt SuSPect 334,335. 

 

To assess if the variation within the tox gene was a result of diversity across the corynephage. 

We mapped 11 tox+ complete C. diphtheriae genomes from NCBI Genbank to the 

corynephage sequence annotated in C. diphtheriae isolate NCTC 13129 using BWA 

(v0.7.17-r1188) 59,60. This mapped alignment was used to create a maximum likelihood 
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phylogenetic tree using the same methodology stated in previous sections, using IQ-TREE 

and ModelFinder over 1,000 pseudo-bootstrap replicates, before annotation using iTOL. 

 

2.7 Statistics 

RStudio (v4.6.1) was used to carry out the statistical testing in Chapter 3 and 4. Pearson's 

product-moment correlation was used to determine the significance between the decade of 

isolation and the tox gene variety present within those genomes. Pearson’s product-moment 

correlation was also used to determine if there was any significance between the average 

number of antimicrobial resistance genes per genome and their decade of isolation, and the 

number of non-toxigenic isolates per decade. A chi-squared test was used to assess the 

relationship between non-toxigenic and toxigenic isolates from HICs and LMICs 109,110. 

 

2.8 Collaborations 

In-vivo AMR analysis was carried out by Thandavarayan Ramamurthy and their team in India 

for the novel Indian C. diphtheriae isolates, and Japheth A. Opintan and their team in Ghana 

for the novel Ghanaian V. cholerae isolates. Karthick Vasudevan carried out the BEAST 

analysis on the C. diphtheriae collection in Chapter 3, and on the Ghanaian V. cholerae 

collection in Chapter 5, as well as the BAPS analyses 336,337. Agila Pragasam carried out 

further in-silico gene analysis on the Ghanaian V. cholerae collection to determine if 

mutations were present within the Ghanaian V. cholerae isolates’ gyrA and parC gene and 

which ctxB variants were carried by the isolates. The online tool CholeraeFinder was used for 

gyrA and parC analysis, followed by manually identification of the mutations sites and which 
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mutants they corresponded to 338. In-silico PCR, utilising the same script written by Simon 

Harris as the C. diphtheriae tox gene analysis, was used to extract the ctxB cholera toxin 

genes present within our Ghanaian V. cholerae genome collection 106. The ctxB results were 

compared to existing catalogues to determine which variant they were. 

 

2.9 Data Files & Scripts 

All data for genomes used throughout this thesis can be found here: Genomic Metadata 

Master File.  

All scripts used for these analyses can be found here: Thesis Codebook 

 

 

  

https://docs.google.com/spreadsheets/d/1-AS_zpoXJMvRo9sasAQGUh6qBKm4uEtV/edit?usp=sharing&ouid=111589408522855438966&rtpof=true&sd=true
https://docs.google.com/spreadsheets/d/1-AS_zpoXJMvRo9sasAQGUh6qBKm4uEtV/edit?usp=sharing&ouid=111589408522855438966&rtpof=true&sd=true
https://docs.google.com/document/d/1-9Nn4El4l9QEmPg_TMBL-WwmgZwGwSwMV5qKwyOMquk/edit?usp=sharing
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3.0 National and global genomic epidemiology 

of Corynebacterium diphtheriae 

 

3.1 Introduction  

There is an increasing recognition that a detailed understanding of the population structure of 

a microbial pathogen facilitates intervention programmes. A key component to gaining such 

an understanding is to define this structure using genomic analysis66,69,70,120,123,124,339.  The 

causative agent of diphtheria, C. diphtheriae, has been predominantly analysed using 

classical laboratory techniques, and thanks to the work of scientists such as Klebs, Löffler, 

Roux, Yersin, Behring and Kitasato, the disease’s symptoms and treatments have been 

defined for over almost 140 years 128,194–196,212. 

 

Previous phylogenetic studies on C. diphtheriae and diphtheria based on genomics, have 

predominantly been outbreak-based, focussing on a relatively small number of samples 

analysed together with public genomes to act as reference points,  although in some cases 

though no appropriate references were available 132,136,137. This approach allows the 

population structure to be defined within an outbreak but the overall context can be lost. How 

outbreak isolates relate to previous outbreaks, both in the local region and beyond, can be 

incredibly important to public health officials and policy makers, and can potentially reveal 

avenues of transmission or potential sources of any outbreak. Additionally, it can be 

challenging to compare data and thus outbreaks, due to differing methodologies and 

terminology used in these different studies. This loss of data generally means that potentially 

crucial information on population structure is unavailable or not determined 132,136,137.  
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By collating publicly available genomes into a single large database as well as using a 

methodologies for analysis that are both open-access and relatively easy to replicate, this loss 

of information could be alleviated. An outcome could be a better understanding of the 

circulating C. diphtheriae population structure across the globe. As mentioned, this 

information is incredibly important for health care officials and policy makers and could lead 

to common terminology and methodologies, as has been created for other pathogens, such as 

V. cholerae 120. 

 

The phylogenetic analysis of many smaller diphtheria outbreaks have been based on quite 

small numbers of genes, including those based on MLST 132,136,137. For MLST, only six or 

seven housekeeping genes are chosen in part because the selected genes are highly likely to 

exist within the genome of a free-living bacteria, as well as their relatively conserved nature 

genetically. The sequences of these MLST prototype genes are then determined and 

compared to a database of previously defined allelic variants of these genes to determine an 

MLST designation. Rough phylogenies can be based upon these designations, or alternatively 

the MLST genes can be concatenated together to form small alignments. These methods are 

acceptable for a broad species such as C. diphtheriae, but the level of resolution is small 

compared to more comprehensive analysis based on larger gene sets. By using close to whole 

genome sequences based on next generation technologies, a much larger amount of genetic 

data can be compiled and then exploited for subsequent phylogenetic analysis, providing a 

much more accurate and detailed picture.  
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Using these whole genome sequences to create an accurate phylogeny of C. diphtheriae poses 

its own challenges. C. diphtheriae exhibits high levels of diversity, and this can make 

traditional mapping-based approach much less effective. Mapping to a reference genome 

remains the bedrock of phylogenetic alignments, but due to the diversity, the genetic 

distances of isolates from the nearest high-quality reference genomes is large in C. 

diphtheriae as a species. This can result in sections of the genome being lost for particular 

isolates, as they do not map effectively to the reference being used. This diversity is driven in 

a large way by recombination 127. Tools are available to identify and remove recombinatorial 

regions, including the widely used tool Gubbins 321. While this tool works well for highly 

similar and clonal species, it struggles with those that are highly diverse, and the requirement 

for a mapped alignment input means that there are many problems adapting this methodology 

to fit C. diphtheriae.  

 

Time-scaled phylogenetic analysis, a common method used to estimate dates on key 

evolutionary events, also requires a mapped, recombination free multifasta alignment to 

facilitate accurate investigations. This is another challenge in the monitoring of C. 

diphtheriae, as the information tools like BEAST can provide can be lost or unattainable. 

Such information potentially includes the estimated dates for lineage branching events and 

transmission dynamics, all incredibly useful for disease monitoring and understanding 

outbreaks. 

 

Due to these challenges, a phylogenetic analysis based on a maximised core gene approach is 

considered the most optimal for C. diphtheriae, and has been widely used is previous studies 

130,138. Sequenced genomes are optimised and annotated before the sequences of genes 
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present in the vast majority of them are extracted. These genes are then concatenated together 

into a new base sequence for each genome, before being combined together into one 

multifasta file and aligned. Recombination events cannot be removed from this type of 

alignment using currently available tools 321. This is due to the sequence not being a ‘real’ 

genome, but rather many gene sequences stitched together for each isolate. These genes are 

now artificially placed next to each other, in a context that they would never be found in a 

real genome. This is a format recombination removal tools are not able to understand. As a 

hypothetical example, the tool may designate the second half of one gene and the first quarter 

of another as a section of recombination, when in reality those genes were hundreds of bases 

apart within the original genome. If such artificial sections of alignments are removed this 

way,  it may potentially introduce errors into any final phylogeny. 

 

AMR is an emerging challenge for the treatment of many infections. While AMR has not 

been considered a major problem in diphtheria to the extent of widely impacting treatment, it 

is nevertheless a potential threat, and there have been multiple reports in recent years of 

resistance being present in C. diphtheriae or in clinical settings where the disease is 

occurring. Using computational tools, the presence of genes within a genome that can confer 

resistance to antibiotics can be determined. Continuing to assess the presence or absence of 

AMR genes within a pathogen population, regardless of the perceived risk to current 

treatment, is now regarded as an imperative for disease monitoring. Novel events in AMR 

development, such as when a bacterium picks up new AMR genes that compromise current 

treatments, can theoretically occur at any time. Thus, it makes sense to know how widespread 

novel resistance might be before the point when clinical treatment starts.  
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We set out in this study with an aim to use whole genome sequences generated through the 

application of next generation technology to elucidate and understand the global population 

structure of C. diphtheriae. To this end, 502 C. diphtheriae genomes were collected from 16 

countries and territories that represented 122 years of isolation, presenting a globally 

representative picture of the species. This collection included 61 novel genomes generated 

from isolates collected between 2015 – 2018 in India. Additionally, while the AMR burden 

across the species has not been previously considered to be a major problem, it is important 

to continue to investigate the AMR genes present within these genomes to be prepared for 

any future impacts on treatment. In addition to a global analysis, we also investigated the 

potential for temporal and geographical phylogenetic analysis on determined closely related 

groupings of C. diphtheriae.   

 

Additionally, we aimed to gain a better understanding of diphtheria at the national level. By 

focussing on India, the country where over 50% of cases are reported, we placed the 61 novel 

Indian C. diphtheriae genomes within their national context, combining them with 61 

previously sequenced isolates to create a 122 genome-strong collection. We also investigated 

the AMR burden of C. diphtheriae within the country. By using the same methodologies for 

the Indian collection as we had for the global collection, we were able to make direct 

comparisons between the resulting analyses, presenting conclusions about the molecular 

epidemiology of C. diphtheriae at both the national and international level. 
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3.2 Creating a global collection of C. diphtheriae 

61 C. diphtheriae were isolated in India from clinically diagnosed cases of diphtheria over a 

four-year period covering 2015 – 2018. DNA from these isolates were sequenced at the 

Wellcome Sanger Institute using an Illumina HiSeq v4 platform producing short read data. A 

literature review of major outbreaks reports was also undertaken, and appropriate genomic 

sequences were extracted from the publicly available database National Center for 

Biotechnology (NCBI) Genbank 288.  

 

441 genomes and their metadata were extracted from these publicly available sequences and 

they were combined with the novel Indian genomes to produce a collection of 502 C. 

diphtheriae genomes. With the oldest sample isolated in 1896 and the most recent in 2018, 

the genomes spanned 122 years of studies on diphtheria. Sixteen countries and territories 

were represented in the isolates, hailing from 6 continents. This collection provides an 

opportunity to examine the evolution and variation of C. diphtheriae across both space and 

time, and begin to better understand how the species’ population structure is structured. 

Figure 3.1 and Figure 3.2 show the countries and years of isolation for all 502 genomes. 
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Figure 3.21: Map of 502 C. diphtheriae genomes, coloured by country of origin and scaled by number of isolates. 

 

 

Figure 3.22: Timeline of 502 C. diphtheriae genomes, coloured by country of origin. 

 

The majority of the C. diphtheriae in the collection were isolated within the last few decades, 

with 85 from the 1990s, 69 from the 2000s, and 319 isolated during the 2010s. 

Geographically, the majority of genomes originated from Europe and Asia, with India, 

Belarus, Germany, and Vietnam providing the highest number of individual isolates; 122, 84, 
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82, and 54, respectively. These are areas where diphtheria cases have been recorded with 

varying degrees of regularity. In Western European countries cases numbers remain low, but 

large-scale changes to conditions such as the dissolution of the Soviet Union and the 

subsequent impact on Belarus, have led to large increases in incidence. Outbreaks or 

individual cases have also been linked to the influx of people during the so-called ‘migrant 

crisis’ that affected many parts of Europe (e.g., Germany) in recent years. Other countries, 

including Brazil, South Africa and Australia have had sporadic flare ups of the disease, 

reporting such cases and sometimes sequencing genomes. Across Asia, countries such as 

India and Vietnam report diphtheria much more regularly, and case numbers are collectively 

relatively higher. In these countries, not all isolates are linked to genome sequences, often 

due to cost and the availability of other resources such as laboratory equipment or the lack of 

researchers to operate them. 

 

By combining these differing data collected broadly across the globe into one collection, the 

population structure of C. diphtheriae can begin to be elucidated in more detail, and the 

recent evolution of the species can become clearer. 

 

3.3 The global phylogeny of C. diphtheriae 

Once the 502-genome global collection had been assembled, construction of a C. diphtheriae 

phylogeny could begin. As covered in the 1.2.5 section, the traditional method is to produce a 

mapped multi-genome alignment that can be used as the base of a phylogeny. However, this 

has not proven effective in previous C. diphtheriae studies. Instead, these previous 

publications have used core gene approaches, including core gene alignments and core 
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genome MLST, where new MLST genes are chosen from only those present within the core 

genome of the collection 130,132,137,138. The main obstacle to mapping approaches is the high 

diversity of C. diphtheriae, a big part of which is the high levels of recombination reported 

across the species.  

 

To determine the effectiveness of traditional mapping-based approaches coupled with 

recombination removal tools, we mapped our 502 genomic paired fastq files against the C. 

diphtheriae medical reference genome NCTC 11397. The multifasta alignment produced was 

then used as the input for Gubbins, to evaluate the effectiveness of this widely used 

recombination removal tool for C. diphtheriae.     

 

Figure 3.3 shows the recombination pattern created using Gubbins and plotted using 

Phandango for the core gene alignment phylogeny. As shown, significant portions of the 

genomes were linked with recombination, due to the high levels of diversity as well as 

inefficient mapping.  
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Figure 23.3: Recombination patterns detected by comparing the reduced genomes of C. diphtheriae isolates, identified by 

Gubbins and plotted using Phandango 321,322. Red colour blocks indicate ancestral events, while blue blocks indicate events 

only affecting a single leaf. 

 

These data emphasise the problem with using mapping-based approaches when constructing 

phylogenies of C. diphtheriae and highlighted the need to use alternative methods. Even 

though the methods chosen were somewhat able to deal with the high levels of recombination 

present across the collection, the approach would have impacted the final phylogeny and 

skewed any conclusions that might be drawn from it. 

 

The core gene approach widely used in previous studies was chosen as an effective 

alternative. By first assembling and then annotating our 502 genomes using a pipeline of 

Prokka and Roary, we could identify those genes present in 99% of the genomes and define 

them as ‘core’, concatenating them into a core gene alignment. While recombination removal 

tools like Gubbins cannot be used alongside these programs, by only using the core genes, 

areas of high recombination and variation were not included in the alignment, effectively 
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‘masking’ them in the final phylogeny. We chose to use the total core genes, rather than any 

MLST-based methods, as the MLST approach loses much of the variation across the core 

genes by only focussing on the sequences of only a small number of highly conserved genes 

136,137,340. 

 

1,035 genes were designated as core by Roary; meaning they were present in 497 out of 502 

of our genomes. 358 were designated as soft core (95 – 99%), 1,605 were designated as shell 

(15 – 95%), and 20,449 were designated as cloud (<15%). The total number of genes 

identified by Prokka annotation was 23,447. SNPs were called from this alignment using 

SNP-sites to create a phylogeny based on just the sites of variation within the core genes. 

This produced a final alignment 49,454 nucleotide bases long.  

 

Taking this core gene SNP alignment, a phylogeny was created using IQ-TREE over 1000 

pseudo-bootstraps 102. In tandem with the phylogeny creation, the presence of antimicrobial 

genes within these genomes were assessed, and any candidate genes were identified using 

ARIBA 104. The results of the AMR presence/absence testing, alongside temporal and spatial 

metadata including the country and decade of isolation, were plotted against the phylogeny in 

iTOL112. Figure 3.4 shows a graphical representation of this workflow.      
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Figure 3.24: Flow chart diagram for generating the global phylogeny of C. diphtheriae and investigating the antimicrobial 

genes present in the genomes. Red boxes represent the data collection phase, green the data analysis phase, and blue the 

data interpretation phase. 

 

Figure 3.5 shows the core gene SNP phylogenetic tree of 502 C. diphtheriae genomes, 

annotated with the country and decade of isolation. Across the phylogeny multiple diverse 

clusters are present, contained within which are isolates from multiple countries and regions 

of isolation, as well as multiple decades of isolation. The divergence of these clusters 

indicates that C. diphtheriae has been established within the human population for at least a 

century and likely far longer.  
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Figure 3.25: Maximum likelihood phylogenetic tree based on the extracted core gene SNPs from the 502 global C. 

diphtheriae genome collection. The country of isolation (1) and decade of isolation (2) are shown. Both the blue and orange 
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stars highlight groups used for later BEAST analysis due to their close levels of inter-relatedness. The scale bar shows 

substitutions per site. 

 

Within the major clusters, smaller monophyletic groups (closely related isolates with a recent 

shared ancestor) were clearly present. The vast majority of these monophyletic groups were 

isolated from a single country and within a relatively short time period, indicating a strong 

geographic and temporal association. An example of this type of cluster is marked by an 

orange star in Figure 3.5; a 40-isolate grouping with highly similar core gene SNPs, all 

isolated from India during 2011 – 2019 (in this case the four-year period 2015 – 2018). 

Within this group, 12 isolates were from Delhi, four were from Haryana, and 19 were from 

Uttar Pradesh in the North, while five were from Kerala in the South.  

 

However, one monophyletic group notably did not follow this pattern. Marked by a blue star 

on the same Figure, the very large group dominated by German and Belarusian isolates 

showed incredibly conserved core genes, with very little SNP differences between them. 

Despite this, the genomes in this group were isolated across five countries (Germany, 

Belarus, Poland, UK, and Russia) over three decades, from as early as 1996 in Belarus, and 

persisting to at least 2017 in Germany. 

  

Individual countries can be found represented across the phylogeny within multiple major 

clusters, and most commonly this includes countries in Europe and Asia. As an example, 

within India there are multiple monophyletic groups, such as the one marked with an orange 

star, isolated within the same four-year period (2015 – 2018) yet far apart on the core gene 

phylogeny. This shows that there are multiple distantly related and distinct clonal populations 
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circulating within this country at the same time causing disease. This pattern extends to other 

countries and regions, such as in Vietnam during the 1990s, and Belarus from the 1990s 

through to the 2010s, which both have multiple groups circulating concurrently and causing 

disease, despite the fact that they are only distantly related within the core gene phylogeny.     

 

The MLST type was determined for each isolate, and each monophyletic group contained 

only one ST. Some isolates within these groups did however register as ‘novel ST’ using 

MLSTcheck. 100 MLST types were represented across the collection, with 73 isolates 

classified as ‘novel ST’. 

 

3.4 Antimicrobial resistance in C. diphtheriae 

Figure 3.6 shows the global phylogeny of C. diphtheriae with the presence and absence of 

AMR genes identified using ARIBA plotted alongside the country and decade of isolation. 

The number of AMR genes present within the 502 genomes was generally higher in those 

isolated more recently, especially among those isolates from the 2010s, and the same can be 

said for the variety of resistance type classes that these genes represent. This is especially true 

in India, where many of the most recent isolates are from. Additionally, similar profiles of 

AMR genes to those categorised from India are present in a small number of recently isolated 

genomes from Germany and Switzerland. While most countries and regions showed highly 

variable AMR gene profiles across their genomes, Indian isolates showed a much more 

conserved profile. This is despite the large distances these monophyletic groups are apart 

within the phylogeny.   
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Sulphonamide resistance conferred by the resistance gene sulI was the most common AMR 

determinant across the 502 genome collection, consistently reported in the Indian isolates as 

well as sporadically found among other Asian and European genomes, most notable in 

Vietnam, Germany, and Belarus. Genes conferring resistance to Aminoglycosides (aadA4, 

aph3_Ia, strA and strB), chloramphenicol (cmr) and trimethoprim (dfrA1) were present to 

differing degrees in almost all India genomes, as well as in isolates from Germany, 

Switzerland, and Vietnam. Only one isolate across our whole collection (Isolated in India in 

2015) was found to contain a macrolide resistance-encoding gene (msrA) while no genes 

conferring resistance to β-lactamases were found. This is despite the fact that erythromycin 

and penicillin are the traditionally recommended antibiotics for treating confirmed cases of 

early-stage diphtheria. Phenotypic AMR testing was carried out for the 61 novel Indian 

isolates and these results align well with the genes identified in silico. 
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Figure 3.26: Maximum likelihood phylogenetic tree based on the core gene SNPs from the 502 global C. diphtheriae 

genome collection. Both the blue and orange stars highlight groups used for later BEAST analysis due to their close levels of 

inter-relatedness. (3) shows the presence (dark blue) and absence (light blue) of AMR genes as a heatmap, identified using 

ARIBA. The scale bar shows substitutions per site. 
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Due to the heavy temporal bias towards recent decades, especially the 2010s, we averaged the 

number of AMR genes present within genomes isolated in the same decade. By doing this, 

we aimed to create a more balanced view of AMR genes across the decades of isolation. 

Even after doing so, the 2010s continued to show the highest number of AMR genes per 

genome, almost four times higher than the next highest decade; the 1990s. Figure 3.7 shows 

the average number of AMR genes per decade, coloured by the class of antibiotic the genes 

confer resistance to. There was a significant positive correlation between the average number 

of AMR genes per genome, and the decade in which those genomes where isolated using a 

Pearson’s product-moment correlation test (r (9) = 0.68, p = 0.02). 

 

 

Figure 3.27: Antimicrobial resistance by decade. The coloured bars represent the average number of genes per genome 

found that represent each class of antibiotic per decade. AGly (blue) = aminoglycosides, MLS (purple) = macrolide-

lincosamide-streptogramin, Phe (yellow) = phenicols, Sul (green) = sulfonamides, Tet (orange) = tetracyclines, Tmt (light 

blue) = trimethoprim.  
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The 2010s also showed the greatest variation in the number of classes of antibiotic 

represented by resistance determinants, resulting in six classes. By comparison, the 2000s 

presented genes that confer resistance to three classes and the 1990s showed resistance to 

four. The 1980s meanwhile presented genes that confer resistance to only one class 

(sulphonamides), and no AMR genes were detected by ARIBA in genomes from the prior 

decades. Indeed, no AMR genes were detected in genomes isolated in the decades prior to the 

1980s. 

 

3.5 Time scaled phylogenetic analysis 

Due to the challenges faced with mapping the highly variable collection of C. diphtheriae, an 

accurate time scaled phylogeny using BEAST was not feasible. BEAST analysis requires 

mapped alignments that have had recombination signatures removed, and as mentioned in 

3.2, neither mapping the whole collection to a single reference nor recombination removal 

tools could accurately work on such a diverse and recombination-heavy genome collection. A 

time scaled phylogeny is however an important tool in understanding the evolution of a 

population of a pathogen, adding crucial estimates of dates for branching lineages, 

introduction events and transmission dynamics.  

 

In an attempt to address this problem, we chose two large monophyletic groups containing 

highly similar isolates based on their core genes and mapped them to the closest completed 

genome available. The first was the large Belarus- and Germany-dominated European group 

marked with a blue star in Figure 3.5, which was mapped to the complete genome NCTC 

13129. The second was the Indian group marked by an orange star in Figure 3.5, which was 
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mapped to NCTC 11397. Gubbins was then used to remove recombination signatures from 

these mapped alignments, before the now-recombination free alignments were used as the 

basis for BEAST time scaled phylogenetic analysis. In the European group, the ratio of pre- 

and post-recombination removed SNPs included in the alignment was 1.1 (1944:1783), while 

in the India group the ratio of pre- and post-recombination removed SNPs included in the 

alignment was 1.2 (26879:22717). 

 

Figure 3.8 shows the time scale phylogeny for the European group, and Figure 3.9 shows the 

Indian group time scale phylogeny. Within the European group, three clades are present, the 

largest of which spans 1987 – 2008. The second and third clades are estimated to have 

diverged in July 1985 with the former present from September 1988 to 2010 and the latter 

estimated to have been in circulation between April 1990 and 2017. The most recent shared 

ancestor of all the isolates within the group was estimated to have been in September 1983.  
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Figure 3.28: BEAST phylogeny of the large monophyletic Belarus- and Germany-dominated European group, marked by a 

blue star in Figures 3.25 and 3.26. 

 

Analysis of the Indian group shown in Figure 3.9 revealed two clades, which were estimated 

to have diverged in February 2009. The first clade was estimated to have been present from 

April 2012 to 2017, while the second clade was estimated to have been present from June 

2013 to 2018. The distance between NCTC 11397 and the rest of the isolates was much 

larger than between NCTC 13129 and the European group genomes. The shared ancestor 

between the Indian isolates and NCTC 11397 was estimated to have been in October 1955.  
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Figure 3.29: BEAST phylogeny of the monophyletic Indian group marked by an orange star in Figures 3.25 and 3.26. 

 

3.6 Creating a national collection of C. diphtheriae 

By taking our 61 novel genomes from India and combining them with 61 publicly available 

genomes, a ‘national’ collection was created. The 122 genomes covered 6 states with 22 from 

Delhi, seven from Haryana, two from Himachal Pradesh, and 35 from Uttar Pradesh in the 

North of the country. Additionally, 31 were from Kerala and 25 from Tamil Nadu in the 

South. The two isolates from Himachal Pradesh were isolated in 1973, while all other isolates 

were isolated from 2015 – 2018: nine from 2015, 72 from 2016, 37 from 2017 and two from 

2018. Figure 3.10 and Figure 3.11 show the states and years of isolations. 
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Figure 3.30: Map of 122 C. diphtheriae genomes, coloured by state of origin and scaled by number of isolates. Peach = 

Himachal Pradesh, Yellow = Haryana, Turquoise = Delhi, Blue = Uttar Pradesh, Orange = Kerala, Light Green = Tamil 

Nadu. 
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Figure 3.31: Timeline of 120 C. diphtheriae genomes, coloured by State of origin. Two isolates from 1973 isolated in 

Himachal Pradesh were also included in the collection. 

 

Of the novel 61 genomes we sequenced, all were isolated in Northern India including all the 

22 isolates from Delhi, all seven from Haryana, and all 32 from Uttar Pradesh. These novel 

genomes represented isolates covering the four-year period 2015 – 2018 with the exception 
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of the isolate from Himachal Pradesh in 1973. All nine of the 122 isolated in 2015, 16 of the 

72 isolated in 2016, 34 of the 37 isolates in 2017, and both 2018 isolates belonged to the 61 

novel genome collection.  

 

After these genomes had been collected, we applied the same methodology used for the 

global collection. By using the exact same methodology, in addition to ascertaining the 

population structure of C. diphtheriae within India, this allowed direct comparison of the 

results between this national and the international collection. 

 

3.7 An Indian phylogeny for C. diphtheriae 

Following the same methodology as used for the global collection, the 122 Indian genomes 

were collated by combining 61 novel genomes and 61 genomes from publicly available 

sequences. The assembled genomes were annotated using Prokka, before core gene analysis 

using Roary, with the same cut-offs. A gene must be present in 99% of genomes (121 out of 

122) to be considered core. These core genes were concatenated together for each genome 

and aligned before SNPs were called. This SNP alignment was then used to create the 

phylogeny using IQ-TREE over 1000 pseudo-bootstraps. Simultaneously, the presence of 

antimicrobial genes within these genomes was once again assessed, and any candidate genes 

were identified using ARIBA. The results of the AMR presence/absence testing, alongside 

temporal and spatial metadata including the state and decade of isolation, were plotted against 

the phylogeny in iTOL. Figure 3.12 shows the graphical representation of this workflow 

adapted for the Indian collection.      
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Figure 3.32: Flow chart diagram for generating the Indian national phylogeny of C. diphtheriae and investigating the 

antimicrobial genes present in the genomes. Red boxes represent the data collection phase, green the data analysis phase, 

and blue the data interpretation phase. 

 

Within the Indian collection, 1,367 genes were designated as core, higher than the 1,035 

identified in the global collection. 196 were designated as soft core, 1,465 were designated as 

shell, and 4,408 were designated as cloud genes. This compares to the 358, 1,605, and 20,449 

identified respectively in the global collection. The total number of genes in the pan gene list 

across all 122 genomes was 7,436, much lower than the 23,447 identified in the global 

collection. Figure 3.13 shows the gene number breakdowns for both the global and Indian 

collections. 
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Figure 3.33: Genes identified by Roary and Roary Plots, with the global collection in blue and the Indian subset in orange.  

 

Figure 3.14 shows the core gene phylogeny of the 122 Indian C. diphtheriae isolates. Smaller 

monophyletic groups harboured isolates from individual states and common years of 

isolation, mimicking the pattern observed across our global phylogeny. Within those 

monophyletic groups isolated across multiple states, the majority were distinct to either those 

states from Northern India – Delhi, Haryana, and Uttar Pradesh – or those in the South of the 

county – Kerala and Tamil Nadu. The single shared year of isolation was also a feature of 

these grouping. Within the larger monophyletic groups however, such as the one marked by a 

purple star, genomes represented isolates from across the majority of states, including isolates 

from both Northern and Southern states, as well as across all four of the years of isolation 

spanning 2015 – 2018.  
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Figure 3.34: Maximum likelihood phylogenetic tree based on the extracted core gene SNPs from the 122 Indian C. 

diphtheriae genome collection. The state of isolation (1) and year of isolation (2) are shown. The scale bar shows 

substitutions per site. 

 

This pattern largely mimics the global population of C. diphtheriae. Individual monophyletic 

groups share a close geographical origin – in this case single or neighbouring state level 

rather than country level. In some cases, though, closely related isolates have apparently 

spread more successfully to cover a much larger geographical area. The group marked by a 
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purple star in Figure 3.14 shows similarity to the large European clade marked by a blue star 

in Figure 3.5, as isolates successfully spread to cover a large geographical area. Although the 

four years represented here is a much smaller time period than the three decades of the blue 

star group in Figure 3.5, it is still a distinctly more complex feature within this state level 

phylogeny, as all other monophyletic groups were isolated from a smaller time frame. This 

reinforces the concept that highly similar clonal C. diphtheriae strains can remain conserved 

within distant populations for extended periods of time. 

 

Figure 3.5 also showed than within countries, including India, multiple distantly related 

monophyletic groups of C. diphtheriae circulate at the same time, causing disease 

concurrently. This pattern continues to the state level, where monophyletic groups isolated 

from the same individual states were found multiple times throughout the phylogeny. This 

was true among both our novel genomes from the North and public genomes from the South, 

as groups of C. diphtheriae isolated within the same state and the same year were often only 

distantly related within our phylogeny. 

 

3.8 Antimicrobial resistance of C. diphtheriae within India 

As mentioned in section 3.3, the number of AMR genes present across the global 502 

genome collection increased in recent decades, and as India makes up almost 40% of the 

2010 isolates, the AMR determinants present within our 122 genome Indian collection is 

relatively high. Figure 3.15 shows the Indian phylogeny of C. diphtheriae with the presence 

and absence of AMR genes identified using ARIBA plotted alongside the country and decade 

of isolation. As with the global phylogeny in Figure 3.6, isolates from the same individual 
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monophyletic groups mostly share the same pattern of AMR genes present or absent within 

their genomes.  

 

 

Figure 3.35: Maximum likelihood phylogenetic tree based on the extracted core gene SNPs from the 122 Indian C. 

diphtheriae genome collection. The state of isolation (1) and year of isolation (2) are shown. (3) shows the presence (dark 

blue) and absence (light blue) of AMR genes as a heatmap, identified using ARIBA. The scale bar shows substitutions per 

site. 

 

Genes conferring resistance to chloramphenicol, aminoglycoside, and sulphonamide classes 

were most common across the 122-genome collection, with Northern states harbouring higher 
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levels of AMR genes within their genomes than those from Southern states. This included the 

only isolate to have a macrolide resistance determinant identified by ARIBA, in Uttar 

Pradesh. Figure 3.16 shows a state-level breakdown of the classes of antibiotic AMR genes 

found within genomes isolated from each state.    

 

 

Figure 3.36: The AMR gene proportions represented in the 122 C. diphtheriae genomes from India at state level. The 

number of isolates from the six states sampled are shown in circles on the map. The AMR genes are coloured by the classes 

of antibiotic the genes offer resistance to. AGly (blue) aminoglycosides, MLS (purple) macrolide–lincosamide–

streptogramin, Phe (yellow) phenicols, Sul (green) sulfonamides, Tet (orange) tetracyclines, Tmt (light blue) trimethoprim. 

The map was taken from Google Maps 341. 

 

The two genomes for isolates from Himachal Pradesh in 1973 carried no detectable AMR 

genes. Among the other 120 Indian genomes isolated from 2015 – 2018, the 7 isolates from 
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Haryana were found to harbour genes conferring resistance to 4 classes of antibiotic 

(aminoglycosides, phenicols, sulphonamides, and trimethoprims). The 22 isolates from Delhi, 

25 from Tamil Nadu and 31 from Kerala were found to harbour 5 (aminoglycosides, 

chloramphenicols, sulphonamides, trimethoprims and tetracyclines) and Uttar Pradesh’s 35 

isolates harboured 6; the same 5 of aminoglycosides, chloramphenicols, sulphonamides, 

trimethoprims and tetracyclines, in addition to the one macrolide resistance gene-positive 

isolate. As stated previously, no β-lactamase resistance genes were identified using ARIBA. 

 

3.9 Discussion 

By sequencing 61 novel genomes and combining them with 441 publicly available genome 

sequences, we were able to gain a more comprehensive appreciation of the population 

structure of C. diphtheriae around the world. We identified several large phylogenetic 

clusters, each containing numerous smaller monophyletic groups from multiple countries 

covering decades of isolation. Isolates from individual counties were frequently present 

throughout the phylogeny and across multiple clusters, suggesting that numerous diverse 

sublineages of C. diphtheriae are successfully coexisting, all circulating within the 

geographical population. This situation is somewhat distinct to that found in some other 

bacterial pathogens, where a small number of highly clonal lineages dominate after having 

spread across the globe. Such an example is Mycobacterium abscessus, an emerging Gram-

positive bacterium that causes nosocomial respiratory infections 342. 

 

In a national context, a very similar picture is present. Across India, individual monophyletic 

groups are usually state or neighbouring state-specific and from a single year of isolation. 
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However, the large clade marked by a purple star in Figure 3.14 shows that some clones of C. 

diphtheriae persist across both Northern and Southern states, and across multiple years of 

isolation (in this case four years from 2015 – 2018). More regular isolations and sequencing 

of C. diphtheriae, both historically, and moving into the future, will help to present a much 

more defined picture of diphtheria in countries like India, where the prevalence and risk of 

diphtheria infection and transmission are much higher. 

 

The large European group marked by a blue star in Figure 3.5 (and to a lesser extent the 

purple star denoted group in Figure 3.14) raises an important question around re-emergence. 

Across the group there is only minimal difference in the core genes, yet the genomes were 

generated from isolates collected over three decades in multiple different countries. Due to 

the lack of evidence of C. diphtheriae reservoirs existing within animal populations, or in the 

environment, asymptomatic human carriage could be one potential answer for the continued 

re-emergence of highly similar isolates across time. The large genetic distances between 

isolates also add more evidence to this theory, as reported clinical diphtheria case numbers do 

not link to sufficiently regular outbreaks to sustain the clonal bacterial population over such 

long periods. Asymptomatic carriage is thus a potential explanation for the persistence of 

lineages.   

 

In areas of high vaccine coverage, as is the case in much of Europe, the potential for 

incompletely protected individuals to act as a reservoir for C. diphtheriae, allowing the 

disease to quickly re-emerge under favourable circumstance, clearly requires further 

investigation. An important note to add though is the relative scale of countries in Europe 

compared to India, which is almost as big as much of Europe itself. Interestingly, citizens of 
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European countries can move relatively freely across much of the continent for both business 

and leisure and this might facilitate spread. Geographical borders do not act as much of a 

deterrent to disease spread in the modern world. 

 

The increase in the frequency of carriage of resistance determinants found in recent decades 

goes hand-in-hand with trends observed in many other pathogens (252). Studies investigating a 

broad spectrum of microorganisms have reported that AMR has been increasing, most 

notable in the last few decades. Additionally, the AMR data for C. diphtheriae could be an 

indication of more evidence for human carriage, where indirect exposure to antibiotics could 

play a role. The lack of resistance determinants for macrolide resistance and β-lactamases 

production was perhaps surprising, given the position of erythromycin and penicillin as the 

first line recommended antibiotic in the treatment of diphtheria cases (alongside antitoxin). In 

contrast, the prevalence of genes conferring resistance to classes not recommended for the 

treatment of diphtheria cases was intriguing.  

 

The similar AMR profiles exhibited in recent Asian isolates, as well as sporadically in recent 

isolates from Europe, could suggest that this development of resistance has been driven by 

the indirect exposure to antibiotics, which in turn has driven the uptake of mobile elements 

harbouring resistance elements to multiple different classes of antimicrobials. This could also 

be an example of ‘collateral selection’ (also termed ‘collateral resistance’), where pressure to 

acquire resistance against any one antimicrobial agent drives the advancement of resistance to 

other agents 343. The ability of C. diphtheriae to recombine DNA into its genome, alongside 

co-habitation of the lower human throat with other species in the microbiome provide a niche 

for C. diphtheriae to gain access to novel genes, including those that confer AMR. Potential 
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exposure to a wide variety of antibiotics not traditionally associated with the treatment of 

diphtheria could add more evidence to the theory of asymptomatic human carriage. By 

colonising the lower throat of a human, C. diphtheriae could be exposed to antibiotic 

treatments targeting other diseases. This is especially plausible in areas where antibiotics can 

be obtained ‘over the counter’. 

The high levels of diversity and recombination in C. diphtheriae highlights the difficulty in 

using traditional mapping-based methods, as these factors heavily impacts the robustness and 

confidence in any results produced. The core gene methodology still remains the most 

effective way to create accurate and robust phylogenies of C. diphtheriae, as this provides a 

way to counter the high diversity and levels of recombination across the species. By only 

building trees based on those genes present in large percentage of genomes, this allows areas 

of high recombination or diversity to be masked, as they would otherwise negatively impact 

the phylogeny creation. Despite all this, we have shown that mapping-based approaches can 

be effective when used on smaller, more closely related isolates from within an individual 

monophyletic group. By choosing the nearest complete genome, rather than a distant 

reference, fastq read files can be successfully mapped. Recombination removal tools such as 

Gubbins can also be effective when used under these circumstances, allowing the use of 

BEAST to create time scaled phylogenies and make estimations for key dates. These offer 

new ways of approaching individual outbreaks of diphtheria and opens up the possibility of 

using time scaled phylogenies to better understand individual clonal outbreaks. These tools 

can also provide strong support for public health measures, such as an estimation of the date 

of introductions, as well as dating common ancestors and clade branching events.  
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There are caveats to this method, however. Any outbreak would have to be caused by only a 

single closely related group of C. diphtheriae bacteria, rather than the numerous distantly 

related clusters causing infection concurrently as is the case in both India and elsewhere. 

Another caveat is that there are not, as yet, enough high-quality finished genomes available to 

accurately act as a reference for all parts of the global population, and this reaffirms the 

importance of continuing to create them. As sequencing technologies improve and become 

more accessible, long read data and hybrid assemblies will allow many more opportunities 

for these kinds of analyses on diphtheria outbreaks caused by C. diphtheriae.  

 

While we have presented theoretical evidence on the potential for asymptomatic C. 

diphtheriae carriage, our study only includes genomes from published clinical cases. As C. 

diphtheriae is not routinely screened for in otherwise healthy individuals, and the lower 

throat where the bacterium resides is not swabbed routinely during check-ups due to the 

invasiveness of the procedure, larger collections of carriage isolates do not exist at this time. 

However, the spatio-temporal structure of the phylogeny suggests that asymptomatic carriage 

could be playing a very important role in the life cycle of C. diphtheriae, as highly similar 

bacteria continue to re-emerge repeatedly over decades, with seemingly large time spans in 

between outbreaks. This begs the question, ‘where are they hiding’?  Carriage would also 

present an opportunity for the uptake of AMR genes and evolution driven by recombination 

that has been shown to be so typical of the species. Future studies based around monitoring 

human populations, especially in at-risk communities, in both vaccinated and non-vaccinated 

individuals is key to further investigating and understanding the potential of carriage and 

could provide an answer to the increase in AMR, especially over the past decade. 
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The rising number of diphtheria cases in recent years show the potential for widespread re-

emergence of the disease under the right circumstance. Both in Yemen and among the 

Rohingya refugee camps, a large amount of people confined together with a lack of access to 

healthcare, sanitation, and low vaccine coverage created an opportunity for C. diphtheriae to 

spread and infect thousands 222 . With 2019 the highest number of reported cases to the WHO 

in 23 years, these optimal opportunities for C. diphtheriae or ‘perfect storms’ are becoming 

more common. While treatment of C. diphtheriae infection seemingly remains unchanged, 

COVID-19 has negatively impacted the vaccination schedules of many children across the 

world as families move away from cities in an attempt to avoid the virus. This is especially 

true in areas where the risk of catching diphtheria is higher. This could have a knock-on 

effect for years to come, as pockets of children do not acquire protective immunity to these 

preventable diseases. it is arguably more important than ever to understand this historically 

disease, and to prevent it from becoming a major global threat ever again in its original, or a 

modified, better adapted, form. 
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4.0 National and global diversity of the C. diphtheriae tox 

gene and the diphtheria toxin  

 

4.1 Introduction 

The diphtheria toxin (DT) was first reported to be the active disease component in cases of 

diphtheria over a century ago 128,196. Only five years after Edwin Klebs proved that C. 

diphtheriae was the causative agent of the disease, and four after Friedrich Löffler first 

cultured the bacterium, Émile Roux and Alexandre Yersin showed that it was products 

produced by C. diphtheriae, rather than the bacterium itself, that caused symptoms 128,194–196. 

The elucidation of DT as the product in question lead to the development of the prototype 

diphtheria vaccine, a toxoid formulation designed to provide an inactivated DT for the body 

to produce antibodies against. Despite the vaccine being a toxoid formulation, some C. 

diphtheriae cellular material is carried over as a part of the production process, potentially 

offering some level of protection against the bacterium itself, as well as the secreted toxin 220. 

The vaccine is part of most national immunisation programs, with doses given in the early 

weeks post birth. This can be followed by boosters in later years for those at risk. 

 

The tox gene itself is carried on a corynephage, and post-infection the phage and its gene 

content can become incorporated into the C. diphtheriae genome 204. Non-toxigenic C. 

diphtheriae causing disease have been reported in increasing numbers over recent years, and 

while the exact pathogenesis of how these isolates cause symptoms is not yet fully 

understood, they displayed the capacity to cause invasive or systemic infections 135,205–207. 
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Non-toxigenic isolates are primarily those that lack the tox gene entirely, although non-

toxigenic toxin gene bearing (NTTB) isolates, where the tox gene is present but has become 

defunct, have also been reported 135,205–207. The corynephage is lytic in some species closely 

related to C. diphtheriae, including C. ulcerans and C. pseudotuberculosis. These species 

have been associated with the ability to cause diphtheria-like infections, usually through the 

expression of the diphtheria toxin protein. Both C. ulcerans and C. pseudotuberculosis are 

zoonotic diseases, and there has been an increase in reported case numbers in recent years 

193,202,344. 

 

DT is part of the AB toxin family, a group that also includes tetanus toxin, anthrax toxin, and 

cholera toxin, although cholera toxin belongs to a specific subclass of the family known as 

AB5. The term ‘AB’, as discussed in section 1.5 of the Introduction and shown in Figure 

1.16, is due to the dual-subunit structure of the toxin released by the cell after synthesis. DT 

was the first toxin of this group classified. The B-subunit binds with target receptors on a host 

cell and facilitates transference across the lipid bilayer. Once inside a target cell, the bonds 

keeping the A and B subunits together are broken, activating the toxic activity of the A 

subunit, a process which can lead to cell death.  

 

The crystal structure of DT, a Y-shaped molecule of three domains, was first published to 2.5 

Å resolution by Choe et al in 1992 345. The toxin is composed of a catalytic domain (C) (the 

constituent part of subunit A), a transmembrane (T) domain, and the receptor-binding (R) 

domain, with T and R making up the B subunit. The receptor that the B subunit binds to on 

human cells is the heparin-binding epidermal growth factor (HB-EGF). Once inside a cell, 

the disulphide bridge and peptide bond holding the A and B subunits together breaks. This 
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dissociation activates subunit A, which targets and inactivates eukaryotic elongation factor 2 

(EEF2), preventing protein synthesis within the cell 238,346,347. By inhibiting translocation 

during the synthesis of proteins, cells affected by DT undergo apoptosis-driven cell death. DT 

is maximally expressed with low iron levels in the environment, and expression is supressed 

in the presence of high levels of iron 348. It was believed that the gene dtxR was solely 

responsible for regulation of DT expression, but some recent publications have suggested that 

not only may toxin transcription have alternative regulation factors, but that dtxR may itself 

have other regulatory roles in additional to the regulation of iron metabolism and DT 348–350. 

A recommended treatment for diphtheria is antibiotics, primarily penicillin or erythromycin, 

coupled with the rapid application of antitoxin for infections by toxigenic C. diphtheriae 

isolates 217. In recent years, antitoxin has been in limited supply, especially across Europe, 

where reported diphtheria cases are much lower 217,218. Multiple countries within Europe, 

including Spain and Belgium, have reported cases of diphtheria where antitoxin was not 

available in time for treatment 215,216. These cases highlighted the vulnerability of children 

without full vaccine protection, and the delay in antitoxin administration was a major factor 

in both their deaths 215,216. 

 

These cases came after multiple reviews highlighting gaps in antitoxin stockpiles across 

Europe due to the perceived low risk of disease occurrence. This was despite the fact that 

cases imported from countries where the disease is endemic had occurred sporadically across 

the region over previous years 217,218. In addition, production of the antitoxin has dipped 

globally, as many pharmaceutical companies move away from the product due to low 

demand and profitability. The production process of diphtheria antitoxin has not progressed 

fundamentally from 1901, when Emil von Behring and Shibasaburō Kitasato’s discovery of 
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animal sera offering anti-toxic effects in infected humans 212. Antitoxin is still produced using 

equines today, making it expensive and time consuming to manufacture 214. Alternative 

methods of producing antitoxin treatments, including mono- and polyclonal antibody-based 

therapies have been investigated, although none are currently in widespread production or use 

214,219.  

 

An assessment of genetic diversity within the tox gene in Corynebacterium at a global level 

could be valuable for assessing the potential for vaccine escape. Both the toxoid vaccine and 

antitoxin treatment are based on the toxin derived from a single allelic version of the gene, 

that carried by C. diphtheriae isolate PW8. By using our 502 strong C. diphtheriae genome 

sequence data set described in Chapter 3, we aimed to investigate the diversity of the tox gene 

using isolates collected across the globe. By using genomes from isolates collected across 

122 years and 16 countries and territories, we can place gene variations into a spatial and 

temporal context. We also sought to investigate how the prevalence of non-toxigenic isolates 

had changed over time, as well as across countries and regions. By using our Indian 

collection from Chapter 3, we also aimed to focus in on the diversity of the diphtheria tox 

gene within a national context, within the country that reports the highest number of 

diphtheria cases per year.  

 

Moving beyond gene diversity, we aimed to investigate what impacts the changes in the gene 

sequence might have on the amino acid sequence. To do so, we further investigated any SNPs 

that caused a non-synonymous amino acid change from the sequence of the PW8 vaccine 

strain tox gene. It is important to investigate the potential impact of any non-synonymous 

SNPs in the tox gene on the 3D crystal structure of the DT protein. This could have a very 
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real impact on the success and viability of current vaccine and anti-toxin formulations, as 

well as guiding future development of novel alternatives. Additionally, we investigated if the 

variation observed within the tox gene corresponded with differences in the integrated 

corynephage sequence of completed C. diphtheriae genomes.     

 

4.2 Extracting the tox gene sequences from 502 C. diphtheriae 

isolates  

The 502-genome collection described in Chapter 3, isolated across 122 years and 16 countries 

and territories, was used to investigate the diversity of the C. diphtheriae tox gene globally. 

In-silico polymerase chain reaction was used to extract the tox gene sequences using the 

in_silico_pcr script written by Simon Harris 106. The primers were designed to encompass the 

entire gene and extract the full sequence, and were based on the tox gene annotated within 

NCTC 13129 126. The primers that were used are shown in Table 4.1. 

 

Table 4.1: Forward and reverse primers used to extract the C. diphtheriae tox gene 

Target Forward Primer Reverse Primer 

tox GTGAGCAGAAAACTGTTTGCGTCAA TCAGCTTTTGATTTCAAAAAAT

AGC 

 

Across the 502 genomes, tox genes were extracted from 291, 58% of the total collection. 211 

isolates did not harbour the tox gene (tox-). Among these tox gene positive (tox+) isolates, 288 
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isolates contained a single copy of the gene. Three isolates contained two identical copies of 

the tox gene within their genomes. Two of these were isolated in Germany, while the other 

one was isolated in Switzerland. The 291 tox genes extracted were combined into a multifasta 

file, before being aligned using Clustal Omega 94. Individual variants of the gene were 

identified and classified. After clustering the tox genes into variants, representatives from 

each group were aligned and SNPs called. After converting the tox gene nucleotide sequences 

to amino acid sequences using Seaview, SNPs identified within the variants were investigated 

individually, and any that caused a change to the amino acid sequence were labelled as non-

synonymous SNP changes 351. The graphical representation of this workflow is shown in 

Figure 4.1 below. 

 

 

 

Figure 4.37: Flow chart diagram for investigating the diversity of the C. diphtheriae tox gene present within the global 

collection of genomes. Red boxes represent the data collection phase, green the data analysis phase, and blue the data 

interpretation phase. 
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4.3 tox gene diversity across the globe 

18 variants of the tox gene were identified across the 291 tox+ isolates. Group 16 (the variant 

carried by PW8) was the most common, being carried in 144 (~49.5%) of tox+ isolates. The 

next highest respectively were Groups 11, 4, 15, 8, and 6. Of the three isolates that carried 

two identical tox genes, two of the genomes carried the Group 7 variant (Switzerland and 

Germany) while the other one from Germany carried a Group 16 tox gene. The number of 

isolates that carried each tox gene variant is shown in Figure 4.2. Of the 18 tox gene variant 

groups, six were found in only one isolate and 12 were found in less than 10 isolates. 

Collectively, these 12 variants were found across 31 genomes, making up ~11% of tox+ 

genomes. While Group 16 was present in ~49.5% of tox+ genomes, the other five most 

prevalent (4, 6, 8, 11, and 15) were found in 25, 13, 18, 37, and 23 genomes respectively, 

making up 116 (~40%) of the tox+ isolates.  

 

 

Figure 4.38: The number of isolates that carried each C. diphtheriae tox gene variant. 
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Figure 4.3 shows the proportion of the 18 tox gene variants found across the 291 tox+ 

genomes, along with the 211 tox- isolates, grouped per decade of isolation. The number of 

isolates per decade is also shown. Figure 4.4 shows the timeline of tox+ and tox- genomes by 

their year of isolation. The diversity of tox gene variants detected increases significantly by 

decade by testing using a Pearson’s product-moment correlation test (r (9) = 0.70, p = 0.02). 

There is however a much larger number of genomes derived from isolates in the more recent 

years, and as such this result may be due to the unavoidable sampling bias present in our 

dataset. Group 16 was the tox gene variant found in either the largest or joint-largest 

proportion of genomes per decade in all but the 1940s, 1960s, and 2000s, with the 1940s and 

1960s being the only two decades where Group 16 was not observed. Both of these decades 

only had one C. diphtheriae isolate in our collection.  

 

Of the 18, only three variants were not found within genomes isolated during the 2010s: 

Groups 1, 5, and 13. The first tox- isolate was found in the 1960s, before becoming more 

regularly present through the 1980s to the 2010s. There was an increase in the number of tox- 

genomes by decade by testing using a Pearson’s product-moment correlation test (r 

(9) = 0.60, p = 0.05). While the highest proportion of tox- isolates (discounting the single 

1960s genome) was in the 2000s (39 of the 69 isolates, 56.5%), the highest number of tox- 

isolates was found in the 2010s, at just under half of the 327 genomes from that decade (155 

isolates, 47%). Despite this rise in tox- genomes being isolated, Group 16 remains the most 

predominant tox gene variant, although this may be due to a sampling bias towards India and 

Southeast Asia where the variant is much more commonly found among our collection. 
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Figure 4.39: The proportion of the 18 tox gene variants found across 291 tox+ and 211 tox- isolates per decade, with the 

number of isolates per decade shown. 

 

 

Figure 4.40: Timeline of 502 C. diphtheriae genomes, coloured by the tox gene variant or tox-. Created using Microreact 

352. 

 

Figure 4.5 show the 18 tox gene variants found across the 291 tox+ genomes, as well as the 

211 tox- isolates, by their country of origin. The markers are scaled by the number of isolates. 
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Some tox variants were only found within a single country, such as the Group 8 variant only 

found in 18 South African isolates. These isolates also all come from a single monophyletic 

group in Figure 3.5. Groups 17 and 18 are both only present in a single isolate each, both 

from Australia. This contrasts with the more widespread groups such as the Group 16 variant, 

which while being predominantly found across Asia (in India, Malaysia, and Vietnam), it was 

also found outside the region, harboured by a small number of genomes in the Northern 

Hemisphere: once in Belarus, twice in Germany, twice in the United Kingdom, and once in 

the United States of America. This pattern was also the case across the phylogeny in Figure 

3.5, as these tox gene variants were found in multiple monophyletic groups and across 

multiple clusters throughout the tree. Much of the tox gene variation was in isolates from 

Asia, with 10 of the 18 groups contained within those genomes isolated from India, Malaysia 

and Vietnam. tox- genomes were much more commonly found in mainland Europe, Brazil, 

and Australia than among those genomes isolated in India and Southeast Asia. The difference 

between the number of non-toxigenic and toxigenic isolates in HICs and LMICs was found to 

be significant by testing using a chi-squared test (r (1) = 202.67, p < 0.001). 
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Figure 4.41: Map of 502 C. diphtheriae genomes, coloured by the tox gene variant or tox-, and scaled by number of isolates. 

Created using Microreact 352. 

 

4.4 tox gene diversity within India 

Only 4 tox gene variant groups were present within Indian C. diphtheriae in our collection. 

Figure 4.6 shows the breakdown of these variants by state, with the proportion of tox gene 

variants among the tox+ genomes, as well as those that were tox-. Among those isolates form 

Northern India, only two tox gene variants were found. Group 16 was the most prevalent, 

making up 58 of the 66 isolates, while Group 4 was the only other variant found, carried by 

eight of the isolates. All two of the Himachal Pradesh isolates, as well as all seven from 

Haryana, were Group 16, while 17 of the Delhi isolates and 32 of the Uttar Pradesh isolates 

also carried Group 16. Five isolates from Delhi and three from Uttar Pradesh carried the 

Group 4 tox gene variant. No tox- genomes were found among these isolates from the North. 

In the South of the country, four variants were found, as well as all of our Indian tox- isolates. 

In Tamil Nadu, 13 isolates carried the Group 16 tox gene variant, 11 carried the Group 4 



131 
 

variant, and one isolate was tox-. In Kerala, 19 isolates carried the Group 16 tox gene variant, 

six carried the Group 4 variant, one the Group 2 variant, and two the Group 10 variant. Three 

isolates from Kerala were tox-.  

 

 

Figure 4.42: The tox gene variant proportions represented in the 122 C. diphtheriae genomes from India at state level. The 

number of isolates from the six states sampled are shown in circles on the map. The map was taken from Google Maps 341. 

 

Across the 122 isolates, genomes carrying the Group 16 tox gene variant were isolated in all 

five years of isolation – 1973, 2015, 2016, 2017, and 2018. The three genomes that carried 

the Group 2 and Group 10 tox gene variants were isolated in 2016, while the Group 4 variants 

where isolated in 2016 (22 genomes) and 2017 (three genomes). The four tox- genomes were 

isolated in 2016. Figure 4.7 shows the timeline of these tox gene variant isolations. 
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Figure 4.43: Timeline of 120 C. diphtheriae genomes, coloured by coloured by the tox gene variant or tox-. Two isolates 

from 1973 isolated in Himachal Pradesh were also included in the collection, which were both Group 16. Adapted from 

Microreact 352. 
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4.5 Mapping the non-synonymous tox gene variants to the diphtheria 

toxin protein structure 

To investigate the impact the variants of the C. diphtheriae tox gene may pose, we compared 

the amino acid sequence of each variant to Group 16. Any SNPs that lead to a change in the 

amino acid sequence were labelled as non-synonymous SNPs. The location of the change, the 

amino acid changed and which amino acid it was changed into was recorded.  

 

Eight of the 18 tox gene variants were found to encode non-synonymous SNP changes. These 

were Groups 5, 7, 8, 13, 14, 15, 17 and 18. Of these, Groups 5, 8, 14, 15, 17, and 18 all 

contained one amino acid substitution, while Group 7 contained two. One of the Group 7 

substitutions was shared with Group 8. The C. diphtheriae carrying these non-synonymous 

variants were isolated between 1991 – 2017, and from seven countries: Australia, Belarus, 

Germany, Malaysia, South Africa, Switzerland, and Vietnam. In total, 55 genomes were 

positive for these non-synonymous tox gene variants. Both Groups 5 and 15 were among the 

six most common tox gene variants globally. Figures 4.8 and 4.9 show the map and timeline 

of isolation for these non-synonymous tox gene variant-carrying genomes. All the non-

synonymous Group variants were isolated from within an individual country except Group 7, 

which was isolated in three genomes from Switzerland in 2015, as well as in one genome 

from Germany in 2017. Malaysia and Australia were the only two countries to have multiple 

non-synonymous tox gene variants. In Australia, one genome carried the Group 17 variant, 

and one genome carried the Group 18 variant, both isolated in 2015. In Malaysia meanwhile, 

one isolate from 1991 carried the Group 5 variant, and two isolates from 2016 carried the 

Group 14 variant. Among the others, Group 8 was only carried by 18 genomes from South 

Africa (16 from 2015, two from 2016), and Group 13 was only carried by five genomes 
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isolated from Belarus (one each from 1996, 1997, 1998, 1999, and 2007). Group 15 was 

carried by the largest number of isolates among the non-synonymous tox gene variants, found 

in 23 genomes isolated in Vietnam. Two were isolated in 1992, one in 1993, three in 1994, 10 

in 1995, 3 in 1996, and the last 3 in 1998, while for one bacterium the year of isolation was 

unknown.  

 

 

Figure 4.44: Map of 55 C. diphtheriae genomes carrying non-synonymous tox gene variants, coloured by the tox gene 

variant, and scaled by number of isolates. Created using Microreact 352. 
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Figure 4.45: Timeline of 55 C. diphtheriae genomes carrying non-synonymous tox gene variants, coloured by the tox gene 

variant. Created using Microreact 352. 

 

After identifying the non-synonymous variants and the site of their mutations, we mapped the 

sequences to the diphtheria toxin protein to assess the likely impact of those mutations. Of the 

eight non-synonymous tox gene variants, two Groups had amino acid changes that occurred 

within the signal sequence of the gene, and as such could not be mapped to the protein 

structure. Group 13 had a base pair deletion that lead to a defunct tox gene in the five 

Belarussian isolates, previously reported by Grosse-Koch et al as resulting in the isolates 

being NTTB 130. Group 14 meanwhile had a histidine (H) that had changed to a tyrosine (Y). 

The impact of this mutation could not be assessed using the tools available. 

 

Figure 4.10 shows the six remaining non-synonymous tox gene variants mapped to the tox 

gene protein structure, using the Protein Data Bank (PDB) model 1XDT and UCSF 

ChimeraX 331–333. After mapping, we used PHYRE2 and SuSPect to estimate the impact of 

these mutations on the protein structure at each individual site 334,335. The shared amino acid 

mutation contained in Group 7 and 8 was estimated to have a low impact on the protein 

structure. The second Group 7 mutation, as well as those carried by Groups 5, 15, and 18 
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were all estimated to have a moderate level of impact. The Group 17 mutation was the only 

amino acid substitution within our eight non-synonymous tox gene variants to be estimated as 

having a high impact on the structure of the toxin protein. It is notable though that the 

location of the mutations in Groups 15, 17 and 18 had a much higher average impact of 

mutation posed by other amino acid substitutions. Many of these other potential substitutions 

showed a high risk of the mutation impacting the protein structure at this site. 

 

 

Figure 4.46: Six non-synonymous tox gene variant mutations plotted onto the diphtheria toxin model 1XDT 

(https://www.rcsb.org/structure/1xdt) from the Protein Data Bank using PHYRE2 331,334. The impact of these mutations is 

estimated by SuSPect, with a gradient per mutation of low (dark blue) to high (orange/red) 335. 

 

4.6 Variation within the corynephage 

The tox gene is carried by corynephages that can integrate into the genome of infected C. 

diphtheriae bacteria. To investigate if the diversity present in the tox gene corresponded with 



137 
 

diversity in the integrated corynephage, we mapped 11 publicly available complete C. 

diphtheriae genomes that carried the tox gene from NCBI Genbank to the corynephage 

sequence annotated in C. diphtheriae isolate NCTC 13129, using BWA 126,353,354. By using 

complete genomes, we can have the highest reliability possible that the extracted mapped 

sequences are accurate. The 36,570 nucleotide base long alignment was used to create a 

maximum likelihood phylogeny over 1000 pseudo-bootstrap replicates using IQ-TREE, 

before the country and decade of isolation, as well as which tox gene variant was carried, 

were annotated in iTOL 102,112. 

 

Figure 4.11 shows the maximum likelihood phylogeny of these 11 complete tox+ genomes. 

There were no major phylogenetic correlations between the decade of isolation or the country 

of isolation. Corynephages from large temporal and spatial distances clustered together. 

Additionally, the tox gene carried by these corynephages does not correspond to the 

phylogenetic structure, with the more common variants among this 11 genome collection, 

Groups 16 and 6, found in distantly related isolates across the tree.   
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Figure 4.47: Maximum likelihood phylogeny of corynephage from 11 toxigenic completed genomes, showing the country and 

decade of isolation along with the tox gene variant carried. Created using IQ-TREE over 1000 pseudo-bootstrap replicated 

and annotated in iTOL 102,112. The scale bar shows substitutions per site. 

 

 

4.7 Discussion 

By using the 502 C. diphtheriae genome collection described in Chapter 3, we were able to 

investigate diversity within the tox gene, as well as factoring in those of genomes without it, 

from across 16 countries and territories across the globe, covering 122 years of isolation. The 

291 genomes positive for the tox gene made up 58% of the total collection, with the other 211 

isolates being tox-. We were able to identify 18 variants of the tox gene, with Group 16 

(which is carried by the strain PW8 used in vaccine production) being the most common 

within our collection, carried by 49.5% of tox+ isolates. While this is only just under a 

majority, it does show that there are a large number of tox gene variants being carried in the 

world that are not exact matches to that which is used in the vaccine production process. The 
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five next-most prevalent tox gene variants (4, 6, 8, 11, and 15) being found in ~40% shows 

that while there is a high number of variants, many are found in a small number of isolates. 

The fact that some tox gene variants were country specific, such as Group 8 in 18 South 

African isolates, or the two isolates from Australia that carried Groups 17 and 18, possibly 

suggests that these variants have not yet been circulated internationally, although further 

analysis of neighbouring countries will be required to establish this. Other groups, such as 16 

and 4, have spread across the world and can be found across multiple distantly related 

monophyletic groups (Figure 3.5). This data reinforces the observation that human 

transmission has spread C. diphtheriae successfully across the globe and has resulted in 

numerous clones co-existing in a similar location at the same time, while remaining 

genetically distant.  

 

The diversity of our tox genes increased significantly by decade, and while this may be due to 

the temporal sampling bias present within the collection, it is important to assess how this 

continues into the future. The number of tox- genomes also increased by decade, suggesting 

that there may be selective pressures being applied to populations of C. diphtheriae, both for 

tox gene mutations as well as promoting the rise of entirely non-toxigenic isolates to the fore 

in some regions of the world. The difference between the number of non-toxigenic and 

toxigenic isolates in HICs and LMICs being significantly different adds another piece of 

evidence to the selection pressure existing, as HICs have historically shown a lower number 

of diphtheria cases, often attributed to higher levels of vaccine coverage. If C. diphtheriae is 

to re-emerge in these areas, it will have to do so in a differently adapted form, as is the case in 

the rise of non-toxigenic case numbers reported. In Europe, tox- genomes were much more 

common, and this is true also true in Australia as well as in the Americas. These locations 

also reported a much lower number and proportion of the Group 16 tox gene variant. 
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Countries in Asia meanwhile have shown the highest numbers of tox gene variants present 

compared to other regions, corresponding with the highest numbers of diphtheria cases 

reported annually. As most of the world now has the diphtheria toxoid vaccine as part of 

national immunisation programs, and vaccine coverage levels globally have been increasing, 

this selection pressure on the diphtheria toxin is bound to increase even more in the future.  

 

Within India, Group 16 remains the dominant tox variant, and non-toxigenic cases are much 

rarer among the public genome record. Among the genomes from Northern India, only Group 

4 and Group 16 were present, with no other variants or tox- genomes present. This contrasts 

with the South of the county, where Groups 2 and 10, as well as four tox- genomes, were all 

found in 2016. While these other variants only made up a small number, it suggests that in 

recent years tox gene variants have been mutating or introduced from external sources, along 

with the appearance of non-toxigenic isolates causing disease, suggesting that selection 

pressures may be becoming more common.  

 

Among our non-synonymous isolates, the importance of further studies is clear. While only 

one isolate carried Group 17, which was the only variant estimated to have a mutation that 

could have a high level of impact on the protein structure, four other groups were estimated 

as having moderate impact mutations, while only one was estimated as having a low impact. 

While these results do not seem to highlight any concern in the efficacy of the currently used 

Group 16 diphtheria toxoid vaccine formulation, it is vital that further in vitro and in vivo 

studies are carried out to assess the real-world impact these mutations have on the diphtheria 

toxin protein structure. This is imperative, as the impact that any protein structural change 
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may have on the vaccine or antitoxin treatment needs to be understood before it becomes a 

wide-scale national and global health problem. 

 

The rise in both tox gene diversity and tox- genomes do forecast a potential future where the 

antitoxin treatment and vaccine become less effective, or indeed are fully escaped. As more 

genomes of C. diphtheriae are sequenced, additional variants may be revealed, and these 

must also be investigated to assess how much of an impact they have on the final protein 

structure. While there is a temporal bias in the collection, the number of tox gene variants was 

shown to be increasing over time, and new variants could theoretically mutate and become 

more widely distributed at any time. As the coverage of the diphtheria toxoid vaccine 

continues to rise globally, there will be an ever-increasing selection pressure towards a 

diphtheria toxin that can evade the vaccine, as well as the antitoxin treatment. This pressure 

will also potentially be encouraging the evolution of non-toxigenic C. diphtheriae isolates, 

and further detailed investigations into the mechanisms of how non-toxigenic C. diphtheriae 

causes infection and symptoms are needed. While the diversity in the tox gene does not seem 

to be tied to diversity in the corynephage, the low number of complete genomes available 

make this conclusion preliminary. As mentioned above, the further sequencing of C. 

diphtheriae genomes, as well as the ever-improving technologies involved, will allow future 

analysis to dive deeper into any links between the tox gene evolution and its original viral 

host. 

 

These results and conclusions highlight how important continued surveillance and analysis is 

into the diphtheria toxin. While much has been known about the agent for many decades 

physiologically, it is imperative that we remain vigilant into current and future evolution. 
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These conclusions also highlight the important of a plan B in hybrid toxin-based vaccine 

candidate selection for any future refinement of the toxoid formula, as well as alternative and 

more readily available anti-toxin treatments. Previous research has highlighted the need for 

better passive protection approaches, and these must be pre-emptively prepared for action. 

This is in case any non-Group 16 non-synonymous variant of the tox gene that allows for 

treatment and vaccine escape ever becomes more prevalent.    
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5.0 O1 Vibrio cholerae in Ghana 

 

5.1 Introduction 

Though cholera has been effectively eradicated in many HICs, the disease remains persistent 

in many LMICs across the world. Caused by the bacterium V. cholerae that is transmitted 

through contaminated food and water, the severe dehydration brough about by diarrhoea 

(often termed ‘rice water stool’, a characteristic symptom of cholerae) can prove fatal without 

the proper administration of fluid and electrolyte replacement therapies 157,355. The incubation 

period of V. cholerae infection can range from between 12 hours and 5 days, and the bacteria 

can remain stable within aquatic environments for large periods of time, persisting in 

reservoirs including lakes, rivers, and stagnant water 178,356. Climate change is believed to be 

playing a major role in the spread of V. cholerae bacteria, as coastal and other aquatic 

environments become more favourable to the bacteria with rising sea levels and ever-more 

changeable weather systems 357. Cholera is a disease heavily linked to poverty,  

 

Of the over 200 serogroups identified across the species, only O1 and O139 V. cholerae have 

been shown to cause epidemics 149. Of these two, almost all outbreaks are due to the 

traditional O1 serogroup, and it is believed to be the cause of all seven pandemic waves of 

cholerae identified throughout history 149. The current seventh pandemic began in 1961, and 

genomic analysis indicates three waves of independent but overlapping transmission events 

have spread V. cholerae across the world 120,358. At least 12 transmission events have been 

linked to introductions into Africa, and cholera is likely endemic in numerous regions across 

the continent 120,124. Indeed, the World Health Organisation (WHO) reported that in Africa 
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between 1970 – 2012, there were around 3.7 million cases, leading to 155,000 deaths 359. 

These outbreaks especially affected coastal and river-side cities, as cholera spread along 

water channels and trade routes before being transmitted into more inland, land-locked 

settlements 124,178,360,361.  

 

Ghana is a key exemplar of these circumstances in West Africa. From 1979 – 2015 the WHO 

published figures show 167,000 cholera cases, resulting in 5,851 deaths 359. An interesting 

phenomenon that occurs in the country however is sustained periods with complete cholera 

absence reported. A four-year absence occurred between 1986 – 1989, before a one-year 

absence occurred again in 2013. During 2013, 157 cases of suspected cholera were 

investigated and analysed at the National Public Health Reference Laboratory in Ghana 

(NPHRL), but they were all confirmed to be not V. cholerae by laboratory analysis. Despite 

this, less than 12 months later in 2014, 50,000 cases of cholera were reported across nine of 

the 10 regions in Ghana, in one of the largest single outbreaks in the country’s history. While 

the death rate was lower than previous outbreaks, it took until the start of November 2015 for 

the outbreak to be declared officially over 362. This large-scale outbreak involved cholera 

cases 2.3 times above the national average, while the months after the four-year gap in 1986 – 

1989 reported cases numbered 1.4 times the national average. These highlight the importance 

of continued and constant preparation and sampling to aid in cholera control and prevention.  

 

Despite Ghana’s history of cholera outbreaks, studies investigating the dynamics of epidemic 

cholera both in the country and in relation to the ongoing global seventh pandemic have been 

limited 361,363,364. Despite the growing availability of whole genome sequencing technologies, 

V. cholerae sequences from Ghana are incredibly rare. Weill et al’s large-scale continental 
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study of the ‘genomic history of the seventh pandemic of cholera in Africa’ included four V. 

cholerae genomes from Ghana, two isolated in 1970, and two isolated in 1971. With Ghana’s 

mix of coastal, river-side, and landlocked cities, coupled with the curious gaps where no 

cholera cases are observed shortly before large scale outbreaks occur presents an important 

potentially missing piece in the puzzle of understanding cholera across Africa. 

 

Recent studies of V. cholerae outbreaks in other areas of the world have also highlighted the 

increasing development of antimicrobial resistance in V. cholerae, something that has not 

previously been investigated widely in Ghana 123,124. By utilising the availability of molecular 

and computational analysis tools, we investigated how 127 novel V. cholerae isolates taken 

from outbreak cases in Ghana fit alongside 509 global representatives of the three waves of 

the 7th Pandemic (including the four previous isolates from Ghana) and identified the 

development of antimicrobial resistances within Ghanaian isolates over time. We also 

investigated the cholera toxin gene variants carried by our Ghanaian isolates, as well as using 

BEAST analysis to estimate introduction dates for these Ghanaian genomes. 

 

5.2 Creating a representative collection of V. cholerae  

127 V. cholerae were randomly selected from those isolated in Ghana between 2010 – 2016, 

including 124 from clinical cases dating between 2010 – 2015, and three from environmental 

sampling undertaken in 2016. DNA from these isolates were sequenced at the Wellcome 

Sanger Institute using an Illumina HiSeq v4 platform producing short read data. A literature 

review of major V. cholerae studies from across the world was undertaken, and appropriate 

genomic sequences were extracted from the publicly available databases National Center for 
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Biotechnology (NCBI) Genbank and European Bioinformatics Institute (EMBL-EBI) 

European Nucleotide Archive, including the four previously published Ghanaian isolates 

from 1970 and 1971 288,318.  

 

The metadata of these 509 isolates were acquired and recorded, before these genomes were 

combined with our novel Ghanaian genomes in a 636 strong globally representative 

collection. The oldest genome was from a V. cholerae isolated in 1957 and the most recent in 

2016, giving a span of 59 years across 55 countries.  

 

Most of the V. cholerae within our collection were isolated during more recent decades. One 

genome was from a V. cholerae isolated during the 1950s, 13 during the 1960s, 45 during the 

1970s, 42 during the 1980s, 118 during the 1990s, 153 during the 2000s, and 252 during the 

2010s. Geographically, our genomes represented V. cholerae isolated across five continents, 

incorporating 36 African countries, nine Asian countries, one European country, two North 

American countries and six South American countries represented among the collection. As 

we aimed to understand how our novel Ghanaian isolates fit within a global context, it was 

important to have a large number of African countries represented to give a more local 

context as well. 

 

By bringing together all these genomes from numerous important V. cholerae studies 

published from across the globe, we can begin to determine how our novel Ghanaian isolates 

fit alongside those from neighbouring countries and beyond, as well as where they fit within 

the three waves of the ongoing 7th Pandemic. 
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5.3 Ghanaian V. cholerae in a global context 

Once our 636-genome collection had been assembled, we began constructing our V. cholerae 

phylogeny. Utilising the widely used methodology of mapping genomic sequences to a 

reference genome for the construction of our genome alignment, we used the N16961 V. 

cholerae isolate as our reference. We used SMALT mapping, running the 

‘multiple_mapping_to_bam’ script developed by Simon Harris at the Wellcome Sanger 

Institute, before running the ‘join_dna_with_indels’ script to produce a 636-strong multi-

genome alignment 323,324. To mask the impact that recombination would have on our 

phylogeny construction, we used Gubbins to remove areas of recombination from our 

alignment 321. The subsequent SNP output from Gubbins was an alignment 4,676 bases long, 

and this was used as the foundation of our phylogeny.  

 

Taking this SNP alignment, a phylogeny was created using IQ-TREE over 1,000 pseudo-

bootstraps. Simultaneously, in silico gene presence and absence testing for cholera toxin 

variants and AMR determinant genes took place. This workflow is depicted graphically in 

Figure 5.1. 
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Figure 5.48: Flow chart diagram for generating the Ghanaian V. cholerae isolates and the globally representative 

phylogeny, as well as investigating the presence and absence of key genes. Red boxes represent the data collection phase, 

green the data analysis phase, and blue the data interpretation phase. 

 

Figure 5.2 shows the SNP phylogenetic tree, after recombination spots has been removed, of 

636 V. cholerae genomes, annotated along with the waves of the 7th Pandemic, as well as the 

region the genomes were isolated from. Ghanaian isolates (including the four from 1970 and 

1971) are labelled as ‘this study’ in the bolder orange colour. While the 1970s Ghanaian V. 

cholerae isolates clusters in Wave 1 with other older isolates, the modern Ghanaian V. 

cholerae isolates clustered into three distinct Clades (Clades 1, 2, and 3) within Wave 3. 

These can be seen in Figure 5.2 as dashed line boxes. 
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Figure 5.49: The maximum likelihood phylogenetic tree based on the mapped recombination-free SNPs from the 636 global 

V. cholerae genome collection. Branches are coloured by the wave of the 7th Pandemic, and the phylogeny is annotated with 

the region of isolation for each genome. Ghanaian isolates (including the four from 1970 and 1971) are labelled as ‘this 

study’. The three Clades of 2010 – 2016 Ghanaian V. cholerae isolates are shown boxed. The scale bar shows substitutions 

per site. 

 

To determine the population clustering structure of the phylogeny in Figure 5.2, BAPs 

analysis was undertaken, and the results can be found in Figure 5.3 337,365. BAPs analysis 

identified 7 clusters, with Clade 1 as part of cluster 7, and Clades 2 and 3 as part of Cluster 4. 

Clade 1 contained genomes reported as part of the introduction event 9 (T9) previously, while 

Clade 3 contains isolates previously identified as being part of introduction event 12 (T12). 
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Based on the this, Clade 2 can similarly be suggested as being part of T12 124. 

 

 

Figure 5.50: BAPs clusters plotted alongside the inferred global phylogeny of 636 V. cholerae isolates shown in Figure 5.2. 

Seven clusters were identified by BAPs. The scale bar shows substitutions per site. 

 

Figure 5.4 shows Clades 1, 2, and 3 in more detail, with the country and year of isolations 

annotated upon the snipped trees. The closest relatives of the Ghanaian isolates were from 

Benin, Cameroon, Niger, Nigeria, and Togo. V. cholerae isolated in Ghana during the 2010 – 

2012 outbreak all clustered into eighter Clade 1 or Clade 2, while isolates from 2014 and 
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2015 were all contained within Clade 3. Interestingly, the three V. cholerae isolated from the 

environment in Ghana (marked by red stars on Figure 5.4) clustered within Clade 2, 

alongside those from the 2010 – 2012 outbreak. Outside of Ghana, other V. cholerae 

genomes inside Clade 1 were isolates as early as 2001 and 2005, and included isolates from 

Chad, Cameroon, Equatorial Guinea, the Republic of the Congo and Nigeria. Clade 2 

meanwhile contained isolates from 2011 and 2012 from Togo and Chad, while Clade 3 

clustered alongside isolates from 2010 and 2011, from Cameroon, Niger, and Togo.  
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Figure 5.51: Subtrees of Ghanaian V. cholerae Clades 1, 2 and 3, trimmed from the maximum likelihood phylogeny in 

Figure 5.2. The country of isolation and year of isolation are shown annotated. Red stars designate the three environmental 

isolates from Ghana, isolated in 2016. 
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5.4 Time scaled phylogenetic analysis 

Following on from the creation of our maximum likelihood phylogeny in Figure 5.2, we 

undertook a time scaled phylogenetic analysis using BEAST on the whole phylogeny to 

estimate the introduction timing of our three Clades. The evolutionary rate across the whole 

phylogeny was estimated to be 6.376 x 10-7 substitution per site per year. Figure 5.5 shows 

the 95% confidence interval estimate of the most common ancestors of Clade 1 and Clades 2 

and 3, as well as the estimated ranges of each Clade’s introduction into Ghana. The most 

recent common ancestor of Clade 1 was estimated to have existed between February 1996 

and August 2000, and the descendants were estimated to have been introduced into Ghana 

between January 2007 and April 2009. For Clades 2 and 3, the last common ancestor of both 

Clades was estimated to have existed between June 2005 and March 2008, while Clade 2 was 

estimated to have been introduced into Ghana between 2009 and December 2009. Clade 3 

meanwhile was estimated to have been introduced to the country between July 2011 and May 

2013. 
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Figure 5.52: Subtrees of Ghanaian V. cholerae Clades 1, 2 and 3, trimmed from the maximum likelihood phylogeny in 

Figure 5.2, as shown in Figure 5.4. The estimated introduction timings using the 95% confidence interval are plotted, 

showing the ranges of the last common ancestor of Clade 1 as well as Clades 2 and 3, alongside the estimated instruction 

timings of each Clade to Ghana.  
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5.5 Antimicrobial resistance in Ghanaian V. cholerae Clades 

Phenotypic testing for antibiotic resistances was conducted by collaborators in Ghana, and 

these results showed stable antibiotic resistance profiles that were diversifying over time. All 

isolates tested were multidrug resistant, showing resistance to at least two antibiotic classes 

each. Resistance to erythromycin and trimethoprim/sulfamethoxazole, often used as frontline 

antibiotic treatments, were observed in V. cholerae isolated across all years of our collection. 

Resistances to cefotaxime, fluoroquinolones, and tetracyclines were rare in these isolates, 

before becoming much more common in those isolates from Clade 3, isolated in 2014 and 

2015. Our environmental isolates showed a much higher level of diversity in the classes they 

were resistant to compared to most other isolates within our Ghanaian collection. All three 

were tested for and found to be resistant to ciprofloxacin, erythromycin, nalidixic acid, 

trimethoprim/sulfamethoxazole, and tetracycline, with two isolates also being resistant to 

chloramphenicol, and one additionally being resistant to cefotaxime. 

 

Figure 5.6 shows the results of the in-silico AMR presence/absence testing for Clades 1, 2 

and 3. Due to contamination identified within the nucleotide sequencing files of some of our 

Ghanaian V. cholerae isolates, the task of genotypic AMR gene presence/absence analysis 

was not as straight forward as it had been for C. diphtheriae. While any contamination has 

minimal impact on mapping-based approaches, the presence of contaminant DNA can present 

incorrect results when identifying AMR genes present within the genomic sequence files. To 

ensure we undertook the most comprehensive AMR analysis we could, we utilised a 

combination of widely used tools; Kraken2, KrakenTools and Abacas 328–330. These methods 

allowed us to use multiple approaches to mask and remove reads that were not V. cholerae, 
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providing the most reliable basis to undertake phenotypic analysis of the presence and 

absence of AMR determinants. To do so, we used both SRST2 and ARIBA in parallel to 

ensure the most reliable results. 

 

Six AMR determinant genes were found across all three distinct Clades – strA, strB, catB5, 

floR, sul2 and dfrA1. These genes were found represented across all years of isolation, as well 

as all countries within the three Clades. The antibiotics that these genes are known to confer 

resistance to include streptomycin (strA, strB), florfenicol/chloramphenicol (floR, catB5), 

sulfonamide (sul2), and trimethoprim/sulfamethoxazole (dfrA1 and sul2). 
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Figure 5.53: The presence and absence of AMR determinant genes identified by genotypic analysis across Ghanaian V. 

cholerae Clades 1, 2 and 3. The classes of antibiotic that each gene confers resistance to are shown next to the gene’s name: 

AGly = aminoglycosides, Phe = phenicols, Sul = sulfonamides, Tmt = trimethoprim. 

 

5.6 Toxin variation and quinolone resistance mutations in Ghanaian 

V. cholerae 

In-silico PCR was used to identify the variants of the cholera toxin gene ctxB carried by our 

novel Ghanaian V. cholerae isolates, using the same methodology as the one which we used 

to identify tox gene variants if C. diphtheriae. The results were consistent with which of the 

Clades each isolate was from, with all Clade 1 genomes exclusively harbouring the ctxB_1 

cholera toxin gene variant. Clades 2 and 3 meanwhile all harboured the ctxB_7 variant within 

their genomes. 
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Quinolone resistance has previously been identified as a key part of the 7th Pandemic of V. 

cholerae, and we used the online CholeraeFinder tool to identify which, if any, mutations 

were carried by our novel Ghanaian genomes. The S83I mutation in gyrA and the S85L 

mutation in the parC gene were found across all isolates within Clades 2 and 3, while no 

mutations were identified among ant of the isolates within Clade 1.     

 

5.6 Discussion 

By bringing together the novel genome sequences of 127 Ghanaian V. cholerae isolates and 

509 global representatives, including the four previously published isolates from Ghana in 

1970 and 1971, we were able to understand how our novel genomes, and by extension 

Ghanaian cholera cases, fit into the global picture of the 7th V. cholerae Pandemic. While the 

four previously published Ghanaian isolates mapped within Wave 1, our 2010 – 2016 

Ghanaian isolates mapped to Wave 3, alongside representatives from local and neighbouring 

countries in Africa. They separated into three Clades, separated temporally. While Clade 1 

and 2 V. cholerae were isolated between 2010 and 2012, Clade 3 spanned 2014 – 2015. The 

recent large outbreak of cholera in Ghana, which began in 2014 and caused over 50,000 

cases, is represented in Clade 3, and the sources of that outbreak were estimated to have been 

introduced into the country between July 2011 and May 2013. This lag period between the 

estimated time of introduction into Ghana and cases being reported was present in both 

Clades 1 and 2 as well, where introductions were estimated have happened between January 

2007 – April 2009 and April – December 2009 respectively. This reinforces the belief that lag 

periods in cholera endemic countries is unlikely to be a real absence of the pathogen, but 
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rather a temporary absence of reported cholera cases due to a lack of major outbreaks in the 

period. 

 

The closest relatives of our novel Ghanaian isolates were from Cameroon, Togo, Benin, 

Niger, and Nigeria. Recent studies, such as by Moore et al in 2018, have shown similar 

dynamics in West Africa 360. Transmission through road and water bound trade routes have 

often been presented as a major transmission pathway of cholera, acting as importation 

routes, and Ghana is heavily linked with its surrounding local nations in such ways 360,366. V. 

cholerae has previously been reported as first infecting coastal cities, before moving inland to 

more landlocked cities, often through these trade routes and the migration of people 

124,178,360,361. 

 

As we evaluate cholera in Ghana, it is important we include these aquatic environments that 

could be acting as reservoirs for V. cholerae between epidemics. Our 2016 environmental 

isolates clustered within Clade 2, suggesting that despite there being no subsequent cases 

from Clade 2 after 2012 in our collection, the Clade appears to have persisted and could 

indeed have remained in circulation, transmitted through contaminated water and potentially 

infecting asymptomatic carriers or causing cases that were not reported.  

 

These findings can all aid in supporting targeted control of future cholera outbreak across the 

West African sub-region. To build from these results and obtain an even better understanding 

of these transmission dynamics and V. cholerae population structures at both a national and 

regional level, continuous monitoring and checking of these potential routes of importation, 
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both for infected individuals and potentially asymptomatic carries, to cut down on new strains 

being introduced into the country and causing new outbreaks. Additionally, the importance of 

surveying water bodies and aquatic environments for V. cholerae contamination is incredibly 

important, as previous outbreak strains remaining prevalent in the environment could quickly 

return under the right circumstances, such as heavy rains and floods. 

 

Multi-drug resistance was present in all of our novel Ghanaian V. cholerae isolates, both in in 

silico and in vivo analyses, with more varied resistance profiles present among more resent 

isolates. It has previously been reported by Weill et al in 2019 that 7th Pandemic lineages 

resistant to multiple classes of antibiotic were introduced into Africa from Asia, where they 

outcompeted and replaced the existing V. cholerae populations 124. Previous studies from 

Ghana have echoed these findings, highlighting V. cholerae isolates resistant to multiple 

classes of antibiotic, including fluoroquinolones and tetracyclines 361,367–371. Among our 

collection, just under 15% of our isolates were resistant to tetracycline using WHONET 

breakpoints 372. Our in-silico analysis showed mutations in the gyrA and parC genes among 

isolates from Clades 2 and 3, which correspond with another important factor in the evolution 

of some 7th Pandemic lineages – quinolone resistance development. We also identified 

resistance determinant genes encoding for streptomycin, chloramphenicol, sulfonamides, and 

trimethoprim/sulfamethoxazole, with five of the six genes identified by the computational 

tools previously reported to be carried on ICE elements, including the ubiquitous 

ICEVchInd5 373,374. Due to the steps taken to remove the contamination identified within 

some genomes however, our in-silico AMR analysis may have missed some rarer genes, and 

this may explain the discrepancies between our in-silico and in vivo resistance results. Future 

analyses of V. cholerae in the region may provide further evidence of tetracycline resistance 

development in Ghana and other neighbouring countries. 
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Taken collectively, our results show that V. cholerae isolates belonging to an individual clade 

are circulating in neighbouring West African countries simultaneously, and that both within 

these countries and across the region, multiple clades can be circulating an any given time. 

The extensive cross-border links, such as for trade, coupled with the large bodies of water 

that flow through vast swathes of populated land, provide ample opportunity for the spread 

and transmission of V. cholerae. It is important to highlight that the apparent gap in cholera 

cases in between outbreaks present within these countries is often not due to a lack of V. 

cholerae in the environment, but rather merely a low point in between these serious 

outbreaks. As the development of AMR within these strains becomes more prevalent, it is 

more important than ever to implement further and more continuous surveillance and control 

networks, to prevent the widespread movement of the pathogen between communities, and to 

identify the natural resource areas V. cholerae remains present in before future outbreaks 

occur.  
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6.0 Vibrio cholerae O139 serogroup 

 

6.1 Introduction 

While the V. cholerae O1 serogroup has been the major driver of all seven global pandemics 

of cholera throughout history, in 1992 a new group of Vibrio isolates causing highly similar 

symptoms was reported in southern and eastern India, as well as southern Bangladesh 155,375. 

The variants were identified as V. cholerae but did not agglutinate when tested with O1 

antisera 375,376. After further testing, it was determined that the variants did not match any of 

the previously defined 138 O serogroups and these related isolates were named O139. Cases 

rapidly spiralled into large scale cholera outbreak within these countries, before spreading 

outwards across the region 154. No previous serogroup except O1 had ever been shown to 

cause wide scale outbreaks of cholera disease, and the potential for epidemics caused by the 

new O139 serogroup was widely raised 375. In many parts of Asia, including India and 

Bangladesh, introduced O139 serogroup isolates began to outcompete endemic O1 V. 

cholerae, following on from the initial epidemics of 1992 and 1993 through to the early 

2000s 154,377. There was even a strong belief among some researchers that O139 constituted 

the start of an 8th global pandemic of V. cholerae, that would overtake and surpass the 

ongoing 7th pandemic caused by V. cholerae O1 El Tor isolates 378.  

 

During the emergence of O139’s in 1992 and 1993, over 150,000 cholera cases caused by 

this serotype were reported across Bangladesh and India 379. Analysis of these O139 

serogroup isolates showed a high level of similarity to the O1 El Tor variant, in contrast to 

the dissimilarities between most other non-O1 serogroups including classical and El Tor O1s 
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379,380. Further phylogenetic analysis placed the new O139 isolates within Wave 2 of the 7th 

cholera pandemic showing they were closely related to existing O1 genomes, reinforcing the 

belief that O139 may have evolved from the O1 El Tor variant 120. Evidence emerged for a 

significant genetic interaction between O1 and O139 Vibrios, lead to significant genomic 

reassortments, including in the CTX prophage, as well as in the antibiotic resistance gene 

repertoire in the O139 V. cholerae isolates 154. Despite this rapid and dramatic emergence, 

O139 then vanished from epidemic settings, before sporadically remerging in outbreaks 

across Asia 381–383. While O139 remained present in endemic regions such as India into the 

late 2000s, O1 El Tor V. cholerae had seemingly outcompeted the serogroup to reclaim the 

position of the dominant cause of cholera, both in the region and around the world 383. 

 

A consistent question raised in the study of O139 V. cholerae is ‘why did the serogroup 

emerge and then rapidly disappear? O139 Vibrio variants were tipped by some to be the 

beginning of a new global pandemic, yet within years they had almost entirely vanished from 

the epidemiological map, with only sporadic returns across the subsequent two decades. By 

bringing together a large collection of O139 isolates, we aimed to provide at least partial 

answers to the question. By combining representatives from across the O1 7th Pandemic, we 

aimed to understand the wider picture of how O139 diverged from the second wave, as well 

as investigating the advantages that allowed it to temporarily outcompete such a successful 

serogroup. We then focussed on trying to identify the genomic changes across the O139 

serogroup that took the serogroup from being a major future threat to near obscurity in only a 

few years. I performed a preliminary analysis at the start of an international multi-disciplinary 

project, placing our O139 collection within the wider 7th Pandemic context, and identifying 

both the rapid development and subsequent equally rapid loss of antibiotic resistances across 

the whole population. I also defined the development of AMR within the O1 population, 
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presenting one potential driver of how O1 reclaimed its position as the major cause of cholera 

disease. 

 

6.2 Creating a genomic collection of O139 serogroup V. cholerae 

with representative O1 isolates. 

Three hundred and thirty-six novel O139 serogroup V. cholerae isolates were sequenced at 

the Wellcome Sanger Institute using an Illumina HiSeq v4 platform producing short read 

data. These data were combined with 31 additional O139 V. cholerae genomes and 258 O1 

genomes from the publicly available databases National Center for Biotechnology (NCBI) 

Genbank and European Bioinformatics Institute (EMBL-EBI) European Nucleotide Archive 

to create a total collection of 625 V. cholerae isolates 288,318. Our novel O139 genomes were 

from Vibrios isolated between 1992 and 2015, all from the Asian continent. The vast majority 

of our novel O139 were isolated in India (316), with six from Bangladesh, six from 

Myanmar, two from China, and the final two from Malaysia. Within the entire collection, 47 

countries are represented across four continents with 65 isolates from Africa, 496 from Asia, 

6 from Europe, and 55 from The Americas, while three isolates had no geographic metadata 

available. The genomes covered 78 years, being from isolates between 1937 and 2015. One 

genome represented an isolate from the 1930s and one in the 1950s, while 15 were isolated in 

the 1970s, 24 in the 1980s, 389 in the 1990s, 163 in the 2000s, and 17 in the 2010s. With 

O139 primarily reported from India and Bangladesh during the 1990s, when creating our 

collection of publicly available genomes we believed it was important to focus on 

representing both the region of Asia and the 1990s decade. We wanted to provide a local 

picture, while also making sure to include international representative V. cholerae from other 

regions and other time periods to provide a global and historical backdrop. 
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By combining this collection of novel O139 V. cholerae genomes with previously sequenced 

O139s and O1s, we hoped to further our understanding of how the O139 serogroup so 

successfully outcompeted the O1 serogroup during its initial emergence as a proposed 8th 

pandemic beginning, before providing evidence as to a potential cause of the seemingly 

extremely rapid decline. 

 

6.3 The rise and fall of V. cholerae O139. 

After assembling our 625-genome collection, construction of a V. cholerae phylogeny could 

begin. As described in the previous chapter on Ghanaian cholera, our genomes were mapped 

to the reference isolate N16961 using SMALT mapping, utilising the 

‘multiple_mapping_to_bam’ and ‘join_dna_with_indels’ scripts produced by Simon Harris to 

produce a multi-genome alignment 625 genomes strong 323,324. Gubbins was again utilised to 

mask recombination and to produce a SNP alignment output, in this case one 5,053 bases 

long. This was used as a template to produce our phylogeny. 

 

IQ-TREE was once again utilised to produce a phylogeny over 1,000 pseudo-bootstraps, 

while in silico gene presence and absence testing was carried out to investigate the 

antimicrobial resistance determinant genes present within the genomes. Figure 6.1 shows the 

workflow depicted graphically. 
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Figure 6.54: Flow chart diagram for generating the O139 and O1 V. cholerae isolate collection phylogeny, as well as 

investigating the presence and absence of AMR determinant genes. Red boxes represent the data collection phase, green the 

data analysis phase, and blue the data interpretation phase. 

 

The SNP phylogenetic tree of 625 O139 and O1 V. cholerae genomes (after recombination 

removal) can be seen in Figure 6.2. The phylogeny is annotated with the region of isolation as 

coloured ranges and the decade of isolation of each isolate, as well as whether the genome is 

O139 or O1. All O139 genomes cluster within their own separate clade, excluding one isolate 

that clusters within the O1 clade. All O139 V. cholerae – excluding the outlier – are 

descended from a single small cluster of O1 genomes, all isolated in 1989 and 1990, and 

these O1 V. cholerae isolates as well as their closest relatives are all part of Wave 2 of the 7th 

Pandemic. The O139 clade genomes represent Vibrios isolated between 1992 and 2015, with 

the vast majority from Asia.   
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Figure 6.55: The maximum likelihood phylogenetic tree based on the mapped recombination-free SNPs of 625 O139 and O1 

V. cholerae genome collection. The phylogeny is annotated with the region of isolation for each genome (1), whether an 

isolate is of the O139 or O1 serogroups (2) and the decade of isolation (3). The scale bar shows substitutions per site. 

 

Figure 6.3 is equivalent to Figure 6.2 but with the addition of AMR determinant genes as 

determined by SRST2. Multiple AMR determinant genes are present across most of the O139 

V. cholerae genomes isolated during the 1990s, something not replicated among O1 genomes 

isolated during the same period. Classes of antibiotic these genes offer resistance to are 
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aminoglycosides (strA and strB), phenicols (floR and catB5), and sulfanomides (sul2). 

Despite this AMR profile being present in O139 V. cholerae isolated during the 1990s, across 

numerous countries in Asia, including Bangladesh, China, India, Malaysia, Myanmar, and 

Thailand, as well as in the Americas (Mexico), we detected a widespread loss of these genes 

in genomes isolated during the 2000s and 2010s. This is especially obvious among those 

genomes from India and Bangladesh, where the higher number of available isolates clearly 

demonstrate this absence, rather than it potentially being the result of a random sampling 

bias. Among the 324 Indian isolates, 194 of the 245 genomes (79%) isolated during the 1990s 

carried all five AMR genes listed above, and that number increases to 201 (82%) when those 

isolates with at least three genes present within their genomes are included.  Among the 79 

isolated in 2000 or later, only 14 (18%) carried at least three of the previously present five 

gene collection. In the same time period of the 2000s and 2010s that O139 isolates seemingly 

lost their AMR genes, O1 isolates in our collection showed the presence of these same AMR 

determinants genes within their genomes. In addition to the aminoglycosides (strA and strB), 

phenicols (floR and catB5), and sulfanomides (sul2) resistance profiles conferred by these 

genes, dfrA1 was also present in most O1 genomes isolated during the 2000s and 2010s, 

which confers resistance to trimethoprim.     
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Figure 6.56: The maximum likelihood phylogenetic tree based on the mapped recombination-free SNPs of 625 O139 and O1 

V. cholerae genome collection. The phylogeny is annotated with the region of isolation for each genome (1), whether an 

isolate is of the O139 or O1 serogroups (2) and the decade of isolation (3). The presence and absence of AMR determinant 

genes identified by genotypic analysis across the 625 genomes is also shown (4). The classes of antibiotic that each gene 

confers resistance to are shown next to the gene name: AGly = aminoglycosides, Phe = phenicols, Sul = sulfonamides, Tmt 

= trimethoprim. The scale bar shows substitutions per site. 

 

5.6 Discussion 

By bringing together 314 newly sequenced O139 genomes and constructing a large-scale 

phylogeny of both O139 and O1 serogroup V. cholerae genomes, we can begin to present a 

picture of how O139 V. cholerae outcompeted O1 V. cholerae during its rapid emergence, 
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and how it presented the world with the potential beginning of an 8th Pandemic before 

disappearing almost as rapidly as it had first emerged.  

 

Our phylogeny reaffirms the previously reported assertion that the majority of O139 

serogroup isolates are all part of a single large clade that emerged from O1 El Tor isolates 

during the second wave of the 7th Pandemic during the late 1980s. Alongside that, the 

presence and absence testing of AMR genes within our isolates presented a potential 

reasoning as to why O139 so effectively outcompeted O1 during its emergence in the 1990s. 

The five AMR determinant genes present within the vast majority of O139 genomes presents 

a clear evolutionary advantage compared to O1 isolates present in the same locations at the 

same time, and could be one aspect of how O139 was able to so effectively displace existing 

O1 V. cholerae communities. The sudden loss of these AMR genes during the late 1990s and 

into the start of the 2000s, at the time where O1 isolates began to present not only those genes 

but additions as well, potentially reinforces this theory, as the O139 serogroup suffered 

sudden and widespread disappearances within the same time period. 

 

The reason for this loss of AMR gene profiles can only be speculated on, and further analysis 

of this serogroup and any underlying genetic diversity is required to fully investigate the 

cause of this widespread and sudden loss, while evaluating if other factors acted to cause 

O139’s successful emergence followed by its effective disappearance almost as quickly. 

Ongoing research by the O139 team will begin to present more answers to these intriguing 

questions. 
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The evolution of O139 Vibrios from an O1 El Tor sources does present a challenge for 

cholera surveillance, prevention, and control. Future rearrangements or mutations in the O1 

El Tor lineage could result in a new serogroup that could outcompete and displaces native V. 

cholerae lineages. The emergence of any new clade might not be followed by a catastrophic 

widespread collapse and there is the potential to spread across the globe as a true 8th 

pandemic. It is thus important to continue widespread surveillance of V. cholerae, especially 

in areas where the disease is most prevalent, among both at risk populations and in 

environmental reservoirs. Such surveillance should provide enough time to observe any 

future newly adapted serogroups and lineages that are evolutionarily fitter that the ongoing 

O1 El Tor pandemic lineage.  This would facilitate timely reactions to be made, including 

resource management, transmission network breaking, and vaccine development. Any such 

surveillance will also continue to improve our understanding of the ongoing evolution within 

the 7th pandemic and provide a more detailed backdrop through which to analyse V. cholerae 

globally. While the disappearance of Vibrios of the O139 serogroup is a welcome sight for 

the global health community, learning the lessons presented by its emergence will allow us to 

respond much more effectively in the future.            
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7.0 Future directions - lessons for outbreak preparedness 

Throughout this thesis we have presented genomic analyses of two bacterial species that 

cause serious disease in regions across the globe. While C. diphtheriae and V. cholerae 

appear on the surface only distantly related, in terms of global health they share many 

similarities. Both are the causative agents of diseases inextricably linked to poverty, affecting 

those communities most at risk of serious impact by disease, socially, economically, and of 

course medically. Both diphtheria and cholera are easily preventable and treatable in the right 

facilities and with appropriate resources, but outbreaks go hand in hand with natural and 

man-made disasters. These results and their discussion can provide lessons for the future 

surveillance, response, and control of diphtheria and cholera. The increasing number of C. 

diphtheriae cases, the intriguing picture of V. cholerae within Ghana, and the rise and fall of 

O139, all present clear take-aways that are applicable not just to their own settings and fields, 

but to each other as well. 

 

7.1 The persisting threat of C. diphtheriae  

In Chapter 3, we presented a picture of the epidemiology of C. diphtheriae globally and 

national within India, the country with the highest number of cases reported yearly. Our 

further analysis of the tox gene variants present within this collection and their potential 

impacts on the diphtheria toxin protein were covered in Chapter 4. What has been made very 

clear is diphtheria as a disease is once again on the rise, with World Health Organisation 

numbers showing a rapid increase over the past decade 222. Presenting a global picture of the 

species, built from a large collection of clinical case isolates, allowed us to begin to 

understand the population structure of the bacteria better than ever before.  
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Our collection, while assembled with a large number of publicly available genomes from 

across 16 countries and territories and broadly representative of the current state of global 

diphtheria, does have gaps, especially across Africa and the Middle East. In addition, 

diphtheria as a disease may be missed in settings with poor clinical infrastructure. 

Nevertheless, by unifying future research across the globe under a single banner with shared 

methods and terminologies, future analyses into the population structure of C. diphtheriae 

will not only present an even clearer picture and expand on what is contained within Chapter 

3, but will also allow all subsequent research to contrast and compare their findings more 

easily. This is key in allowing research to rapidly be translated into impact for policy and 

industry. 

 

As focus turns back towards this old disease, an ever-increasing number of genomes will 

become available, and this will provide a clearer scaffold through which to understand how 

single country and region-level outbreaks fit within the global population. This type of data is 

already available for other pathogen research fields, including V. cholerae, and provides 

clarity that all future analyses can be comparable. This shared infrastructure of V. cholerae 

research was utilised within Chapters 5 and 6. Our analysis of C. diphtheriae both within 

India and across the globe presented similar trends, an intriguing picture of numerous 

distantly related clades circulating simultaneously, and while some were present within only 

close geographical settings. Others were also circulating across large distances in the same 

years over large temporal ranges. Examples of this were highlighted by the Belarus/Germany 

dominated clade marked by a blue star in Figure 3.5, and in Figure 3.14’s purple star-marked 

clade, which spanned both the North and South of India. There is a gap in the understanding 
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of diphtheria transmission networks at the macro-scale. There is also a lack of understanding 

of how C. diphtheriae persists in a setting without known reservoirs. Equally, it is important 

for future analysis of the Indian C. diphtheriae population structure to dive deeper into the 

within-state populations, establish state-to-state transmission networks, and to begin to fill in 

the missing states pieces of this puzzle. This more focussed analysis can also be used for 

sudden or ongoing outbreaks of diphtheria in India, as well as being used as a template for 

future analyses of other countries where diphtheria remains a serious threat. Provided 

resources are available to isolate and sequence genomes, outbreaks such as those that have 

occurred in Madagascar, The Yemen, and the Rohingya refugee settlements can now be 

analysed in real time, providing healthcare practitioners, researchers and policy makers with 

up to date information on community structure, diphtheria toxin variations, and antimicrobial 

resistance present among the isolates. 

 

AMR in C. diphtheriae is not yet a widespread pressing concern, but the development of 

resistance to the numerous classes of antibiotic present within our in-silico testing presents 

several interesting questions. Coupled with the perseverance across decades of closely related 

C. diphtheriae isolates in Belarus and across Eastern Europe, the question of subsistence and 

reservoirs needs further analysing. Asymptomatic human carriage appears to be a strong 

contender theory, allowing C. diphtheriae to remain present within an ecosystem until it can 

opportunistically re-emerge. Any resident microbes may be exposed to antibiotics targeted at 

other bacteria, driving resistance. This could present an avenue for the development and/or 

uptake of AMR determinants against drugs which would not normally be used to treat 

diphtheria infections.  Acquisition of resistance determinants by C. diphtheriae could be 

driven to the levels of these antibiotic resistance genes present within the throat microbiome. 

This could also be a demonstrable case of ‘collateral resistance’, as C. diphtheriae develops 
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or picks up mobile elements that offer resistance to these antibiotics ‘collaterally’, driven by 

the pressure to develop resistance against a separate antibiotic.  

 

The key contribution of carriage remains only a theory at this time due to the lack of carriage 

isolates available for incorporation and testing. A widespread study, particularly among at-

risk populations, to assess the presence of C. diphtheriae within asymptomatic individuals, is 

an important next step, and could provide clarity as to how the disease is so rapidly able the 

re-emergence under favourable conditions. Factors could include gaps in vaccination 

coverage and healthcare infrastructure often driven by social turmoil. While a study of this 

kind would have to be widespread and systematic in nature, requiring a large amount of 

resources and time, it could potentially fill a vital gap in our understanding of this pathogen, 

one that is paramount to preventing C. diphtheriae from continuing its return. The 

development of resistance to penicillin and erythromycin, while extremely rare in our 

collection, is incredibly important. Thus, it is essential to continue surveillance for such 

resistances, as both drugs remain the recommended frontline treatment options for diphtheria. 

Where these resistances have been reported in C. diphtheriae, detailed analyses such as those 

undertaken by Hennart et al who identified a novel resistance plasmid, are key to continuing 

our understanding of the continuing development of AMR in this pathogen 138. 

 

The tox gene variants we have presented in Chapter 4 raise important questions about 

diphtheria control. While only one of our non-synonymous diphtheria toxin variants was 

estimated to have a mutation that would have a high impact on the structure of the protein, 

four others were estimated to have a medium impact, and one of the variants even carried two 

mutations, one predicted to be medium impact and the other low impact. While these 
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mutation impacts were estimated computationally, it is clear that further analysis into these 

variants in vivo is required to fully understand what level of impact the mutations might be 

having on the effectiveness of not just the diphtheria anti-toxin treatment, but also the 

diphtheria toxoid vaccine as well. Both present the only widely-used preventative reagents 

targeting the diphtheria toxin, and while there have been no reports of either becoming 

ineffective (nor do we present any information suggesting so), the importance of checking 

these facts could not be overstated. If there is an even minor effectiveness impact presented 

by these variants, it is critical that this be highlighted sooner rather than later, in time for 

actions to be taken to address them. Furthermore, further non-synonymous diphtheria toxin 

variants are most likely circulating now.  

 

Future genomic analyses of tox+ C. diphtheriae should include similar analyses to investigate 

the spread of not just our now-defined toxin variants, but also to identify any novel ones. 

Finally, while their effectiveness has not been questioned, problems with availability of the 

anti-toxin, as well as the requirements presented by utilising equine models for production, 

should highlight an opportunity for new diphtheria anti-toxin treatment development. 

Exploiting the quantum leaps in antibody technologies that have occurred since the 

development of the current anti-toxin formulation is an option. The same is true for novel 

vaccine development, if required in the future.  

 

While non-toxigenic diphtheria has not been a focus of this thesis, further research is required 

into the mechanisms of infection by C. diphtheriae without the diphtheria toxin, both due to 

tox- genomes and those with a defunct or non-expressed tox gene. Indeed, this is especially 

required due to the rapid increase in reports of these cases over recent years. This is 



177 
 

especially true in areas with high vaccine coverage, and as vaccine uptake improves across 

the globe, the niches for non-toxigenic C. diphtheriae to exploit will only continue to 

increase. 

 

Our analysis of C. diphtheriae, both across the world and within India, has presented many 

novel findings, from the population structure of multiple large distantly relate clades 

circulating simultaneously, to the AMR genes found within many recently isolated genomes. 

Additionally, we identified variants of the tox gene in C. diphtheriae isolated across the 

world. Many new questions were posed by our results however, most pressingly that of 

whether human carriage is playing a major role in the persistence of C diphtheriae, and the 

real-world impact that these diphtheria toxin variants may be having on the existing anti-

toxin and toxoid vaccine formulations. It is paramount that these questions are investigated 

soon, as they are key to preventing diphtheria continuing its return towards a major global 

health challenge once again. 

 

7.2 The continuing challenge of Vibrio cholerae 

In comparison to C. diphtheriae, the field of V. cholerae has been extremely well-researched. 

Despite this, many gaps in our knowledge exist and questions remain, especially at national 

levels. In Chapter 5 we investigated the population structure of V. cholerae in Ghana at a 

local and regional level, while also presenting how the three Ghanaian clades fit within the 

wider 7th Pandemic. One of our key takeaways from these results was how V. cholerae 

isolates belonging to an individual clade were circulating in both Ghana and several 

neighbouring West African countries simultaneously, and this presents an important factor in 
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cholera surveillance and control going forward. Pathogens rarely respect diplomatic borders, 

especially in areas where cross-border migration and trade are common. Thus, it is incredibly 

difficult to control disease transmission within a single nation alone. In Ghana, this challenge 

is exacerbated by the large water bodies that flow throughout the nation, a key component in 

the V. cholerae transmission cycle. Multinational surveillance and control strategies are 

required to combat the disease of cholera most effectively, as any country acting alone will 

likely be undermined in their attempts by disease spread from areas with less effective control 

measures outside of their borders. International collaboration has often been a lynchpin in 

global health success, and the picture of cholera in West Africa is another clear example of 

how important that cooperation is to make real progress. 

 

Additionally, our results highlight that the large temporal gaps in cholera cases in both Ghana 

and beyond should not be taken as immediate successes for public health organisations. 

Cholera’s implicit links to poverty and natural disasters allow it to quickly re-assert itself 

during heavy rainy seasons and floods, something common in many regions of the world that 

regularly contend with cholera outbreaks. Older clades of Ghanaian V. cholerae appear to be 

subsisting in the environment for years after cases caused by those isolated are reported, and 

this raises the spectre of multiple clades re-emerging simultaneously if those contaminated 

water sources are allowed to enter human circulation. Without widespread monitoring of 

environmental reservoirs, successful control of human cholera cases can never be progressed 

to eradication, a cause that will once again require international cooperation to achieve. 

Worse, the progress made in cholera control being quickly reversed by these re-emergences 

would mean the resources spent in reaction to outbreaks would have been lost, potentially 

having knock-on effects that may undermine measures into the future. 
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The AMR profiles presented by our analysis are similar to those presented in previous studies 

of V. cholerae during the 7th pandemic, but nonetheless highlight the continued spread of 

determinants that make treating severe cholera that much harder 373,374. Future analyses of 

Ghanaian V. cholerae, as well as isolates from other nations across West Africa, will present 

an even clearer picture of how widespread these AMR gene determinants are and how they 

are spreading. This adds to the concerning picture presented by V. cholerae isolates within 

the 7th Pandemic, where AMR determinants that confer resistance to many of the drugs 

available for treatment are becoming increasingly common. This is a trend that will 

seemingly continue far into the future without large-scale measures being put in place, 

including antibiotic stewardship. 

 

7.3 The legacy of Vibrio cholerae O139 

The analysis of V. cholerae serogroup O139 presented in Chapter 6 presents an intriguing 

picture with many similarities in the conclusions to those presented throughout Chapters 3 – 

5. While the rapid gain and subsequent rapid loss of AMR genes presents clear evolutionary 

advantages and disadvantages, to say that is the sole cause of the rise and fall of O139 would 

be hasty. Further detailed analyses of the O139 collection are currently being undertaken by 

an international multi-disciplinary group of scientists, but in the meantime O139 presented an 

incredibly important moment for V. cholerae research. While the serogroup went from the 

potential start of an 8th Pandemic to obscurity, a future mutation of the O1 El Tor lineage 

could present an 8th Pandemic candidate that does not suffer a catastrophic collapse in the 

way serogroup O139 did. Once again, the importance of continued surveillance utilising 

international cooperation is paramount, as this will act as an early warning system and give 
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the research community time to assess the evolutionary advantages present within this new 

theoretical serogroup or lineage. This will also allow resources to be deployed to the right 

areas at the right time, and also allow the development of novel treatments when required. 

 

7.4 Conclusion 

As the world continues to grapple with the ongoing COVID-19 pandemic, gaps in our 

ongoing biomedical research into other diseases are naturally impacted. What C. diphtheriae 

has shown however is that even those diseases that are believed to be a relic of the past to 

many can quickly return as a modern problem. Equally, those diseases we consider as being 

well understood, such as V. cholerae, still have pieces of their puzzle missing, and this is 

evidently clear in LMICs where cases are most prevalent. As genomic technologies continue 

to improve and expand, the wealth of data available for analysis will increase, as will the 

power of the tools we use to analyse them. It is paramount we do not forget all that came 

before, or overlook what is happening right now outside of our local areas, lest tomorrow’s 

challenges come through a doorway we had believed was locked for good. 
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