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ABSTRACT 

 

___________________________________________________________ 

 

 

 

Plasmodium vivax (Pv) malaria is a human infecting blood parasite distributed widely across both 

tropical and temperate regions. In order to increase the understanding of past dynamics influencing 

its current distribution, this thesis explores its origins, spread and evolutionary past through diversity 

and evolution of the mitochondrial genome. Exploring several different factors that would have 

affected its dispersal, including mosquito vector species and geographic distance, the main focus of 

Chapter 2 is on understanding when and with which past human migrations it spread across the 

continents of the Eastern Hemisphere. A special emphasis on the Melanesian region is included in 

Chapter 3, which shows considerable diversity in human populations and cultures, and has high 

incidence of all four species of human infecting malarias (P. vivax, P. falciparum, P. malariae, P. 

ovale). Although previous publications indicated an especially high level of diversity in Pv 

mitochondrial genomes in Melanesia; in this study it is shown to be a sampling artefact due to denser 

sampling. In both chapters a novel cross-disciplinary data comparison is undertaken, matching Pv 

mitochondrial genome phylogeny and population genetics with modern human mitochondrial 

genome data, human and hominid archaeological data, archaeological data from human commensal 

species and phylogenetic data from human associated diseases. Results indicate that not only the 

current Melanesian Pv but also the Pv strains found across the Asian continent to the east of India 

were likely introduced by the first wave of anatomically modern humans (Homo sapiens) to leave 

Africa. The strong patterning seen across this eastern region has ostensibly been shaped not only by 

relatively stable human populations for the last several thousand years, but is also associated with a 

strong regional heterogeneity of mosquito vector species and clades. In contrast, the present study 

confirms previously observed homology in Pv mitochondrial genetics from India to the west. 

Presumably the homology is due to increased human population movement and contact between the 

western regions, as well as greater overlap in mosquito vector species across the region, as shown 

in this study. Even so, with the addition of data from new sites across the western half of the Eastern 

Hemisphere, including samples from central and western Asia, there is a detection of low levels of 

population diversity. Lastly, Chapter 4 gives an overview of the applications of different genetic 

markers used in malaria research over time, reviewing the continued value of using mitochondrial 

DNA, on its own and in combination with other available genetic data – in an age of whole genome 

sequencing.  
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CHAPTER I 

INTRODUCTION 

 

A PARASITES’ PAST: 

PLASMODIUM VIVAX MALARIA AND HUMAN MIGRATIONS 

 

“I recognised you as soon as I saw you 

As if we called each other 

The DNA in my blood is telling me 

That it’s you I’ve been looking for.” – BTS, DNA 

 

___________________________________________________________ 

 

1. 1. INTRODUCTION  

 

With increased ease and access to genome sequencing, there has been growing interest in understanding 

past human migrations through the relatively novel method of studying the genetics of human diseases 
(Curtin 1968, Brockmann et al. 2006, Tatem et al. 2006, Bryant et al. 2007, Moodley et al. 2009, Culleton et al. 2011, Bos et 

al. 2011, Miao et al. 2011, Comas et al. 2013, Taylor et al. 2013). Many major infectious diseases are thought to 

have originated around the time of the emergence of agriculture, some 10,000 years ago (ya), and to 

have spread with subsequent human population expansion and migration (Wolfe et al. 2007). Some 

diseases, however, are more ancient. Certain strains of tuberculosis (Mycobacterium tuberculosis) were 

present in humans before their exit out of Africa and spread with the earliest known human migrations, 

some 62,000-75,000 ya, as well as with the subsequent large migration around 25,000-38,000 ya (Comas 

et al. 2013). Malaria is another disease that has been strongly affiliated with humans - and probably 

hominids before that - for many hundreds of thousands of years (Garnham 1966 in Groube 1993). It too is 

now believed to have travelled with the earliest migrations out of Africa into Asia (Miao et al. 2011), 

especially with recent evidence for Africa as its place of origin (Rayner et al. 2011, Culleton et al. 2011, Prugnolle 

et al. 2013). This thesis seeks to uncover which, if any, of the major human or even hominid migrations 

was associated with the spread of Plasmodium vivax (Pv) malaria, by studying the phylogenetics of the 

Pv mitochondrial genome and relating it to what is known of the human past through different 

disciplines, including archaeology.  

 

At the present time, malaria is topical across a broad range of disciplines. The interest surrounding it 

has been sparked by a marked decrease in the effectiveness of eradication efforts. For Plasmodium 

falciparum (Pf), the most prolific and malignant human malaria species, this is partially due to the 
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parasite’s increasing resistance to the current drugs available (White 2004, Strode et al. 2014, Blasco et al. 2017, 

Imwong et al. 2017, Ochomo et al. 2017). For Pv, choloroquine resistance is also increasing but vivax malaria 

remains highly susceptible to other antimalarial treatments such as artemisinin combination therapy, 

primaquine and tafenoquine. Effectiveness of eradication efforts is caused by a combination of 

resistance, lack of investments that mean lack of support for poor health systems that cannot deliver the 

interventions effectively, and the fact that much of the remaining malaria (at least in Asia and Americas) 

is in geographically or demographically difficult to reach populations – such as on unstable border 

regions and mobile migrant populations.  

 

In addition, certain anophelene mosquito vectors - key to malaria transmission - are developing 

resistance to the chemicals used in bed nets (Sokhna et al. 2013, Miles et al. 2017). This, and resistance of 

parasites to treatment, forms issues for regions currently infected by malaria, but also poses a threat for 

regions which have already eradicated the disease but remain receptive to malaria transmission. The 

threat to malaria-free status comes in several forms for certain regions, depending on their current status. 

For example, Taiwan, Hong Kong and Okinawa no longer have malaria parasites circulating in their 

population. However, this elimination has taken place without removing the resident transmission 

vectors (Yip 2009). Reintroduction of the disease from surrounding areas still occurs on low levels, but 

these events can as yet be easily controlled with medication. An example of new outbreaks occurring in 

previously malaria-free regions include a small Pv outbreak in the Southern Peloponnese, Greece, in 

2009 (Andriopoulos 2013), and, since then, an increase in Pv patients across several other regions in Greece 

(Dimopoulou 2016), where effective Anopheles mosquito vectors are still prevalent. Removing effective 

medication from the equation has the consequence of reversing elimination as these populations become 

re-infected. To counteract the adaptation of the mosquito vectors and malaria parasites to the existing 

medication and pesticides, there has been a marked reinvigoration of the global malaria eradication 

programme. A global eradication programme was run by the World Health Organisation (WHO) in the 

1950s and 1960s, but was abandoned in 1969 due to slow progress and the development of resistance 

in the anophelene mosquitoes to the pesticide DDT (Yip 2009). With support from the Global Funds for 

AIDS, TB, Malaria – and other bilateral donors – many countries have re-intensified their malaria 

control programs in the early 2000s, leading to dramatic reductions in malaria burden in numerous parts 

of the world (World Health Organization 2008, Global Partnership to Roll Back Malaria et al. 2009). This has prompted 

all countries in the Asia-Pacific and Americas to re-declare malaria elimination as a formal goal. For 

reasons stated above, unfortunately, since 2016 the progress towards malaria control and elimination 

has stalled and is at risk of going backwards (World Health Organization 2018).  
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At such a critical time, it is of great importance to understand malaria and the dynamics behind its spread 

and diversity. Medical research generally focuses on understanding the current situation on local scales, 

molecular levels and curing or preventing the disease. However, this thesis aims to help understand the 

long-term evolution and impact of the disease, approaching the subject from a broader perspective and 

much longer time scale than most. This chapter has the function of setting out where the knowledge of 

the past of malaria and humans in the Eastern Hemisphere currently stands: to provide a framework for 

further in-depth study of different forces acting on and between malaria and humans that could have 

influenced the genetic diversity of both species. The approach in later Chapters 2 & 3, using 

geographical mapping of malaria phylogenetics, is designed to assist in understanding the routes and 

timing of the spread of the disease. In addition, once the historic connection between humans and 

malaria has been established, the connection can possibly be used to clarify past global human migration 

routes in a similar fashion to previous studies of disease phylogeny (Curtin 1968, Brockmann et al. 2006, Tatem 

et al. 2006, Bryant et al. 2007, Bos et al. 2011, Miao et al. 2012, Comas et al. 2013).  

 

Linking the presence of malaria to certain migrant populations also provides an opportunity to confirm 

the minimum extent of time over which the migrants have been exposed to the disease. This will aid in 

understanding the process of human genetic adaptation to a disease such as malaria, by giving an 

indication of the varying exposure times of the different migrant populations to the disease. An 

understanding of the period of exposure will, in turn, clarify to what extent malaria played a role in 

shaping the human cultural landscape in the region. As such, combining the datasets on humans and 

malaria is necessary in order to elucidate the role of disease in human evolutionary and cultural 

processes, and to gain insight into the role of human past activities in the spread and diversity of this 

disease. Before this can be done, however, it is important to first understand the timing and dynamics 

behind the spread and persistence of the disease throughout the globe. 

 

Current research into Pv phylogenetics is starting to shed light on these interconnected pasts of humans 

and malaria on a global scale. Past studies with Plasmodium falciparum (Pf) have already indicated an 

introduction of the disease to the Americas with the African slave trade (Yalcindag et al. 2012). For Pv, the 

African-American connection in the context of human migration was recently published by Rodrigues 

et al. (2018). A possible European origin for American Pv was discussed in Gelabert et al. (2016), with 

the sequencing of a historic sample of Pv from Spain. Even so the origin of South American Pv and how 

it connects to Pv in the rest of the world remains unclear, possibly due to the lack of European samples. 

The South American connections are studied extensively by others (Taylor et al. 2012, Rodrigues et al. 2018) 

and the complex positioning of American data in the Pv mtDNA phylogeny as observed in other studies 

(Mu et al. 2005, Culleton et al. 2011, Miao et al. 2012) may obscure some of the finer details found in other 
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regions. This thesis concentrates exclusively on Pv in the Eastern Hemisphere: the African, Eurasian 

and Oceanian continents, from the Atlantic to the Pacific. 

 

Possibly more substantial evidence for a connection between human migration and Pv distribution is 

the presence of a divide in Central, Eastern and South East Asian Pv versus an Indo-Malay, Australasian 

branch of Pv (Miao et al. 2012). The divide could be the result of two main human migration events out of 

Africa and into Asia following different routes at different times, as has been found with tuberculosis 

(Comas et al. 2013) and indicated by human whole-genome variation (Gignoux et al. 2011, Stewart & Chinnery 

2015) and archaeology (Bae et al. 2017).  

 

A recent paper published by Skoglund & Mathieson (2018) reviews the evidence for human migratory 

movements in the context of currently available publications on ancient DNA in hominids. The review 

reiterates the origin of modern humans from Africa, with all modern humans outside of Africa falling 

within one genetic clade that branches off a diverse African phylogeny. Though on a single branch off 

the African tree, the population movement and diversification of the Eurasian (and American) clade has 

been varied and complex. It has included an early split that has shaped the variety of populations on the 

very eastern edges of the Eurasian and Oceanian continents. This split saw two major population 

movements: one taking a southern route along the Indian Ocean coast towards and into Australasia, also 

known as haplogroup M; the other took a more northerly route, probably through the Levant and 

possibly up through central Asia and along the northern side of the Himalayas, also known as human 

haplogroup N (Stewart & Chinnery 2015, Bae et al. 2017). A third haplogroup R emerged from haplogroup N 

and gives rise to several lineages in Europe and eastern Asia whilst it takes a similar northern route to 

haplogroup N (Stewart & Chinnery 2015).  
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Figure 1: Broad indication of the migratory routes and timings of the earliest Homo sapiens to exit Africa, based on Bae et al. 2017. 
Routes as found for the different human mitochondrial genome haplogroups are given in light blue (haplogroup M), red (haplogroup 
R), and green (haplogroup N). Dates are estimated ages of time to the most recent common ancestor of populations in the region 
marked. Overlain with the malaria distribution map by Boyd 1930, indicating the presence of both human infecting malaria parasites 
as well as anophelene vectors. Shaded/dotted regions denote areas with malaria infections: increased density indicates higher number 
of infections across the human population in the region. 

 

Assuming that malaria vectors were present along both routes, as they were until recently (Boyd 1930, 

MacDonald 1957, Sinka et al. 2012), the expectation is that if Pv came out of Africa with all migrants, it had 

the opportunity to travel via both migration routes. This can be seen in Figure 1, where most estimated 

migration routes pass through regions that are, or until recently were, malarious. Climate throughout the 

past 100 ky was changeable (Timmerman & Friedrich 2016, Stewart et al. 2017), so consistency of vector 

availability is unpredictable. Yet at times more suitable habitat for transmission existed in the tropical 

and subtropical regions; there is much evidence for deserts having been less extensive than they are 

today, e.g. at 95 - 107 and 75 - 90 kya (Timmermann & Friedrich 2016) and during the Neolithic, 12 - 6 kya 

(Platt et al. 2017). Deserts appear to be a huge barrier for malaria survival, as seen in Figure 1, with absence 

of malaria in the Sahara in Northern Africa, the central areas of the Arabian Peninsula and the Gobi 

desert, in Southern Mongolia and Northeastern China. The spread of Pv across the Eastern Hemisphere 

is explored in greater depth in Chapter 2, which looks at the global distribution of Pv according to its 

mitochondrial genome as influenced by several factors, including human migration.  

 

From the two separate global human migration events, the first wave of Homo sapiens out of Africa 

connects to the first migration into Australasia by anatomically modern humans. Few traces have 
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remained in intermediate geographic regions through a high density of subsequent migrations. If vivax 

malaria distribution patterns mirror that of H. sapiens, the closest genetic relations of Pv from the 

Australasian region are expected to be found at its original source, in Africa. Both malaria and human 

populations across the region display especially high diversity around Melanesia, the region in the 

Pacific encompassing the islands of Papua, the Solomon Islands, Vanuatu and Fiji. Much research into 

human diversity has focused on the varying origins of the human populations in Melanesia (Bellwood et 

al.1995, Spriggs 1997, Terrell et al. 2001, Pawley et al. 2005, Kirch 2010, Donohue & Denham 2010, Gignoux et al. 2011, 

Spriggs 2011, Xu et al. 2012). These varying origins represent the main determinant of the large-scale 

diversity in the Indo-Pacific region, both in cultural and in genetic terms.  

 

Many areas of research have looked into the migratory movements and timings of people into the Indo-

Pacific and Melanesia, as there is much focus and ongoing interest in the timing of migrations ‘Out of 

Africa’. Archaeological, geological, palaeoecological, climatological, linguistic and genetic studies 

including modern human, ancient, commensal/agricultural and, recently, disease genetics, have all 

contributed to what is currently known about past human migratory movements (Jin & Su 2000, Larson et 

al. 2007, Atkinson et al. 2008, Dobney et al. 2008, Petraglia et al. 2010, Bellwood 2011, Bellwood et al. 2011, Gignoux et al. 

2011, Rasmussen et al. 2011, Henn et al. 2012, Jinam et al. 2012, Moodley et al. 2012, Paraskevis et al. 2012, Soares et al. 

2012, Stewart & Stringer 2012, Comas et al. 2013, Malaspinas et al. 2016, Skoglund et al. 2016, Soares et al. 2016, Gomes et 

al. 2017). It has been recognised that at least two main migratory movements of anatomically modern 

humans occurred into Oceania (e.g. Chappell 1993, Spriggs 1997, Kayser et al. 2006, Hudjashov et al. 2007, Duggan 

et al. 2014, Gomes et al. 2015). ‘Oceania’ is used here in a broad sense, referring to all the tropical island 

groups between Asia and the Americas, yet pertaining especially to the Melanesian region.  

 

These two migratory waves into Oceania connect back to the two different global migration routes, and 

the migrations are represented by a duality in linguistics and human genetics. The two-way split is 

shown in the Australoid/Papuan versus the Austronesian populations. The Australoids first entered the 

region 75,000 to 40,000 ya (Kirch 2010, Summerhayes et al. 2010, Gomes et al. 2015, Clarkson et al. 2017, Larruga et 

al. 2017, Nagle et al. 2017) with possible subsequent migrant waves between 15,000 and 5,000 ya, 

represented by - intraregional movement of - Papuans (Soares et al. 2008, Gomes et al. 2015) who did not 

reach Australia as sea-levels between Australia and Papua New Guinea had heightened. The much later 

Austronesian migration came to the region from 4,000 ya, moving far out into the Pacific and probably 

towards Madagascar across the Indian Ocean (Serjeantson et al. 1982, 1983, 1992, Serjeantson 1984, Kirch 2010). 

The Austronesian migration into Australasia and specifically Melanesia at 4,000 ya is believed to have 

strong connections with the H. sapiens that took the northern route and settled in East Asia, though its 

exact origins are under debate (Spriggs 1993, Bellwood et al.1995, Terrell et al. 2001, Kirch 2010, Donohue & Denham 

2011, Spriggs 2011, Xu et al. 2012, Stewart & Chinnery 2015, Bae et al. 2017).  
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Apart from this larger scale variation, however, there is a conspicuous representation of smaller scale 

differentiation between population groups in Melanesia. This differentiation is present in languages, 

cultural practices and genetics (Serjeantson et al. 1992, Spriggs et al. 1993, Spriggs 1997, Pawley et al. 2005). In this 

region, however, besides general genetic variations, populations display many different genetic 

adaptations to coping with malaria (Serjeantson et al. 1992, Howes et al. 2013). Malaria has played a significant 

selective role in the evolution of human genetic blood defects, which act as an adaptive mechanism 

against the more adverse consequences of malarial infection (Flint et al. 1986, Flint et al. 1998, Kwiatkowski 

2005, Williams 2006). The recent discovery of a genetic polymorphism found only in Austronesian people 

that is associated with a decrease in the risk of contracting vivax malaria (Rosanas-Urgell et al. 2012) suggests 

that the past relationship between human populations and malaria across Austronesia merits further 

study. As such, Chapter 3 of this thesis will focus on discovering when and with which human 

migrations Pv entered the Melanesian region. 

 

So far, it has been shown that establishing when malaria entered regions across the globe is important 

to developing an understanding of its role in shaping human populations in those regions. Doing so can 

help explain some of the larger-scale diversity found in malaria in the region, as well as creating an 

opportunity to gain insight into long-term interactions between human populations and disease.  As has 

been mentioned previously, malaria is a disease that significantly influences human populations and 

exerts strong selective pressure on the human genome to adapt and survive the consequences of the 

disease. In addition, it would be expected that malaria could select favourably for certain behavioural 

adaptations. It follows that the earlier malaria was present in human populations, the longer humans 

would have had to adapt to it, including both the rise of genetic mutations which lessen the severity of 

the disease, and behavioural changes which disrupt transmission. Viewing society from the perspective 

of long-term malarial selection could help us understand not only human -cultural- evolution, but also 

give insight into how societies might operate at their most efficient whilst dealing with the burden of 

malarial disease.  
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1. 2. DNA RESEARCH IN ARCHAEOLOGY 

 

 

As Jobling (2012) explains, there are two methods of using information from genomes to interpret the 

past: (1) by studying ancient DNA directly; or (2) by mathematically reconstructing the patterns revealed 

in modern DNA. In archaeology, any material studied is usually at least a few centuries old. The first 

way to read information in DNA is thus relatively simple to understand in an archaeological context, as 

it concerns studying ancient biological material itself. It is easy to see how studying ancient DNA 

(aDNA) from bones, plants or other organic matter found in archaeological digs fits into the discipline 

of studying ancient materials to further an understanding of the past of human civilizations. DNA from 

hominid remains can reveal the relations between the hominid and modern humans.  

 

Ancient genomes from anatomically modern humans found in several sites across Asia confirm some 

human history as deduced from modern genomes and archaeological finds, but disagree with other 

previously constructed dynamics. For example, the sequenced draft genome for Neanderthals (Green et 

al. 2010) provided relatively clear data indicating that around 1 to 4% of modern human Eurasian genes 

are likely to have come from Neanderthals, revealing possible interbreeding of Neanderthals with our 

Homo sapiens ancestors at some point in the past. This was unexpected; the current findings are that the 

genetic contribution of Neanderthals to human lineages outside of Africa is around 2%, and there is a 

3% contribution of the still mysterious Denisovan lineage(s) in some of Asia’s human populations, 

specifically in Oceania (Skoglund & Mathieson 2018).  

 

What makes human ancient DNA (aDNA) especially useful is that it gives both a place and a time point 

to refer to in regards human movement and evolution. With aDNA, the estimated mutation rate over 

time for the genome gets calibration points from both time and number of mutations, making the 

molecular clock much more precise. In reference to information about the past obtained from human 

aDNA, ancient mitochondrial genomes confirm that the most recent common ancestors (TMRCAs) of 

African and non-African lineages can be dated back to 62-95 thousand years ago (kya), and that non-

African sub-lineages diversify around 45-55 kya. These dates correspond with earlier estimates of these 

timings. However, some archaeological findings of anatomically modern human remains in Australia 

and Indonesia push back these dates considerably (Clarkson et al. 2017, Westaway et al. 2017): the 

archaeological finds in the Arnhemland escarpment (Australia) and Lida Ajer Cave (Sumatra, 

Indonesia) are dated to 65 (59.3-70.7) kya and 68 kya respectively, considerably predating the sub 

lineage diversification estimate above. It should be kept in mind, however, that biological processes--

and especially those that deal with population dynamics, such as population genetics--are not 

straightforward. Genetic relationships over time are influenced by multiple variables. This usually leads 
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to a genetic time overestimation of a physical geographic split. This is due to a lack of representation of 

all data at all time points, such that the odds of finding the exact ancestor of two lineages are rather low; 

the representative ancestor will be found slightly farther back in time.  

 

Similarly, when studying human disease in the past, the most straightforward method is to use ancient 

DNA of the disease, found either in direct association with certain hominid sites or with certain events 

in the past. Examples of such research include the studies tracing the origins of the Black Death, Yersinia 

pestis, by Bos et al. (2011) and tracing human migratory and trade movements through bowel parasites, 

including Caenorhabditis elegans, preserved in archaeological materials (Patrik Flammer, pers. comm. 2012). 

Such an approach might be possible through analysing preserved soft tissue of human remains for 

malaria sequences, with varying origins. Alternatively, old samples of European vivax could aid in 

understanding the origins of South American vivax, which could have been introduced from Spain or 

Portugal instead of Africa during the age of exploration and slavery (Gelabert et al. 2016, Rodrigues et al. 

2018).  

 

Ancient or old samples are rare, but do exist. However, when such samples are available, there are 

further complications; when working with ancient DNA, there are often only very few samples, and the 

DNA tends to be severely fragmented. The information retrieved is thus both scattered and scant. 

Though ancient DNA helps increase the precision of time and route estimates, aiding significantly to 

increasing evolutionary insight in a species, it is important not to forget that even these reconstructions 

rely on models and assumptions about population dynamics and are not infallible. This is where the 

second method of reading DNA comes into play, which relies more heavily on reconstructive models 

but has alternative strengths. Instead of using aDNA, insight is gained through reading several samples 

of modern DNA and studying the patterns that are revealed. In a way, DNA is an archaeological record 

on its own; it accumulates mutations over time. As chances of the same mutation occurring more than 

once are negligible if not under selection, it is possible to trace relatedness by comparing levels of 

similarity between different individuals. The problem in this method lies not in the number of samples 

– though this can be an extra complication due to restrictions in time and funding – but in having to 

infer through statistics how samples are related and what this tells us about the past. These 

‘phylogenetic’ methods of reconstructing genetic relationships based on the DNA code – whether 

ancient or modern – provide an estimation of the linear associations between genetic samples across 

time. In both cases time is estimated: for aDNA through archaeological methods of estimating a 

sample’s age; for modern DNA based on estimations of mutation rates (how much time passes between 

the accumulation of one mutation and the next). 
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To understand processes in the past which have led to the patterns seen across geographic space, extra 

dimensions can be added that help clarify time outside the information contained in the DNA. 

‘Phylogeography’ overlays a geographical map with phylogenetic data to demonstrate the genetic 

relatedness between samples from their sites. Other dimensions come from data provided by 

archaeology, linguistics, palaeo-anthropology and the earth sciences. As Oppenheimer (2012) states: ‘A 

combined approach should give increased confidence by triangulation’. The combination of different 

classes of data help fill gaps, and provide checks through expected overlap. Data from other disciplines 

provide much of the broader understanding of human activities within the observed timeframe. One 

must, however, remain wary that information provided by one area in an integrated data-set does not 

form the basis for conclusions of another, as this will lead to false positives through data reiteration. 

Another hazardous strategy is to randomly pick the best fitting story about the past to explain the patterns 

in the data. It is advisable to remain aware of alternative explanations, which could be much more 

complex, and keep a certain amount of objectivity. Approaching a genetic dataset from a combined 

evolutionary and archaeological perspective, bringing an awareness of alternative explanations for 

genetic variation on at least two different levels prior to looking at the data, is arguably a great 

advantage. 
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1. 3. MALARIA, ORIGIN AND SPREAD 

 

Malaria is a disease caused through infection by one or more specific species of single celled protozoan 

organisms, of the genus Plasmodium. Infections are passed to humans through anophelene mosquito 

vectors, Anopheles spp.. Both humans and mosquitoes form crucial parts to the parasites’ life cycle. 

Sexual replication takes place in the mosquito vector. 10-18 days after infection of the mosquito, the 

parasites are found in ‘sporozoite’ form, in its salivary glands. The mosquito passes on these sporozoites 

to humans when feeding on them for a blood meal. In the human host, the parasites first invade and 

grow in the liver cells. In Pv, this phase in the liver can be prolonged by the parasites going into a 

dormant ‘hypnozoite’ form, for several months up to four years. From the liver cells, the parasites are 

released into the blood stream, where they invade and multiply in the red blood cells. Another difference 

between Pv and Pf is found at this stage: whereas Pv invades only young red blood cells (i.e. 

erythroplasts and reticulocytes), Pf can invade blood cells of different ages (Miller et al. 2002). After 

multiplying, the parasites burst out of the blood cell walls and release ‘merozoite’ daughter cells into 

the bloodstream, which reinvade and multiply in red blood cells in a repetitive cycle. This stage is what 

causes the symptoms associated with malaria. Another form of blood stage parasite – the ‘gametocyte’ 

– infects the mosquito when it feeds off a malaria infected person, and starts the whole cycle over again. 

  

Malaria and human ancestors have been associated with one another from before the emergence of the 

hominids (Garnham 1966 in Groube 1993, Silva et al. 2011). Garnham (1966) contributes that the current complex 

equilibrium in the relationship between malaria and its definitive and intermediate hosts, respectively, 

has taken a long time to establish, indicating a very long period of evolution. What is currently known 

of malaria’s past depends on the species. For many years, research has mainly focused on the most 

malignant malaria parasite – Pf, which accounts for most infections deaths worldwide and can be 

cultures in-vitro) – providing ample data to understand its past. The recent focus of research on Pv 

should aid in rapidly enlightening its origins. A brief overview of what is known for both is given below. 

 

 

1. 3.1 PLASMODIUM VIVAX & PLASMODIUM FALCIPARUM: AGE & EVOLUTION 

Previous age estimates calculate the origins of Pf to stem from before the human-chimpanzee split, 

infecting human ancestors in Africa for the first time between 112,000 and 1,036,000 years ago (Escalante 

& Ayala 1994, Joy et al. 2003, 2006, Silva et al. 2011, Baron et al. 2011). A species of Plasmodium infecting gorillas 

has been found to be the immediate precursor, or at least closest relative, of Pf (Liu et al. 2010, Rayner et al. 

2011), re-igniting the discussion on apes being a recurring source of re-infection for humans by 

plasmodia. There have been studies concluding that Pf originated from primates relatively recently – 
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about 10,000 ya. However, the date estimates from these studies have later been attributed to the genetic 

effects of a relatively small, bottle-necked – but already established – Pf population, suddenly expanding 

during the onset of agriculture around 10,000 ya (for discussions see: Tishkoff et al. 2001, Volkman et al. 2001, 

Coluzzi et al. 2002, Barry et al. 2003, Joy et al. 2003, Hartl 2004, Baron et al. 2011). 
 

Recent publications have brought to light the possibility that Pf travelled along with at least one of the 

several human migration waves into Oceania in the distant past, possibly even dating back to the earliest 

known migrations out of Africa between 130,000 and 40,000 ya (Joy et al. 2006). Conflicting ideas about 

when Pf branched out of Africa still remain. The earlier mentioned increase of Pf due to agricultural 

development around 10,000 ya, in conjunction with increased human migration at the time due to 

population increase, is a strong argument for a later introduction of Pf (Livingstone 1958, Tishkoff et al. 2001, 

Coluzzi et al. 2002, Hartl et al. 2002, Hartl 2004, Joy et al. 2003, Rich et al. 2009). Vedic texts from India (4,000 – 

3,500 ya) indicate that Pv and P. malariae reached India before Pf (Carter & Mendis 2002). The latter is 

mentioned in texts around 3,000 years old.  

 

Unlike Pf, the place of origin for Pv has been subject to much debate. Supporting evidence was present 

for both Asian and African heritages. High genetic diversity and the presence of closely related malaria 

species in primate/ape species, namely macaques, are both strong arguments to indicate an area of origin. 

As such, previously, evidence was slightly stronger for an Asian origin (Escalante et al. 2005, Mu et al. 2005), 

until the discovery of multiple forms of malaria – closely related to vivax – infecting apes in Africa 

(Culleton et al. 2011, Prugnolle et al. 2013, Liu et al. 2014). The high diversity of these forms of malaria indicates 

a strong possibility for an extensive African origin for Pv. Besides these multiple vivax-related malaria 

species in Africa, there is evidence for a protracted presence of vivax malaria in Africa through the 

presence of human genetic adaptations which specifically provide protection against vivax malaria – 

indicating vivax origins are expected to lie in Africa. It is also estimated to be older than first thought, 

largely pre-dating the first known human migrations out of Africa (Mu et al. 2005, Silva et al. 2011). 

 

In addition to the discovery of the new vivax-like primate malaria species, the advent of molecular 

diagnostics has found Pv to be more common in western and central Africa than previously hypothesised 

(Culleton & Ferreira 2012, Howes et al. 2015, Poirier et al. 2016). The occurrence of Pv across these regions was 

doubted for several decades due to the presence of Duffy negativity – the specific genetic adaptation 

against vivax malaria, which modifies part of surface of red blood cells, making it harder for the 

parasites to enter – in most human populations in the area. Evidence has accumulated for Pv infecting 

people who are Duffy antigen negative (personal observation & Niangaly et al. (unpublished, 2017), Ryan et al. 2006, 

Menard et al. 2010, Mendes et al. 2011, Wurtz et al. 2011), which is a genetic adaptation in mainly central and 

western African human populations that protects against Pv infection. Together with the evidence 
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provided by the new vivax-like malaria and the widespread presence of Duffy negativity in human 

populations, the evidence mounts for the root of Pv to lie in Africa. 

 

Besides the uncertainty of an African or Asian origin, some arguments were presented for P. vivax 

originating in the Americas. The arguments were mainly based on the genetic proximity of a Pv-like 

Plasmodium species, found in monkeys in the Americas. Until the recent publications by Culleton et al. 

(2011) and Prugnolle et al. (2013), on African vivax-type parasites in wild apes, the closest relatives of Pv 

were believed to occur in Old World macaques (P. cynomolgi, fragile and knowlesi) (Waters et al. 1991, 

1993, Escalante & Ayala 1994, Mu et al. 2005), and South American monkeys (P. simium) (Escalante et al. 2005, 

Mu et al. 2005). The monkey-infecting species P. simium in the New World is so closely related to Pv that 

it has likely descended from the human strain, but the timing of this evolution from human to monkey 

is unknown. It has been implied that the introduction of Pv that led to the evolution of P. simium was 

pre-Columbian, and possibly connected to the Austronesian expansion through Polynesia (Escalante et al. 

2005, Cormier 2011). However, these findings are still questionable and evidence is mounting for the 

introduction of Pv into the Americas through the European colonists (Rodrigues et al. 2018, Gelabert et al. 

2016).  

 

Over the past few years, there has been much discussion about the different ages for Pv and Pf (Ricklefs 

& Outlaw 2010, Silva et al. 2011). One argument that has been used in the past to argue a greater age for Pv 

than Pf is its reduced malignancy (Brooks & McLennan 1992). When a disease is adapting to a new host, it 

can be unusually malignant, or virulent, as it still needs to adapt to the host and the host to the disease. 

Killing off a host quickly, before infecting new hosts, is a strategy that hampers survival of the disease 

and thus generally uncommon in diseases that have evolved in conjunction with their host for a long 

period of time (Wolfe et al. 2007). However, estimated ages of both Pv and Pf date back to hominids, which 

puts both parasites well beyond an initial adaptive period. It is unlikely that the level of malignancy for 

either reflects their respective ages, instead pointing towards a difference in evolutionary strategy. 

 

Reduction in virulence – how harmful a disease is to the host – is only one part of a suite of evolutionary 

strategies that usually caters towards transmission or survival of the disease. Disease transmission 

strategies tend to trade-off between virulence and host survival. Fast and high transmission rates are 

often associated with impacting the host system & behaviour in ways that increase transmission rates, 

often at high cost to the hosts – also known as increased virulence of the disease. Such strategies include 

increasing fluid or airborne transmission, with physical effects to the host that significantly increase 

such transmission rates including the forced release of bodily fluids (e.g. snot, vomiting, sweating, 

diarrhoea, or even opening up of skin and release of body fluids through open wounds/pustules), or the 

release of infections into the air (e.g. through coughing and sneezing). 
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High transmission strategies through increased virulence impacts the host’s body significantly, often 

leading to reduced survival rates. In addition, a high transmission strategy means available hosts in the 

vicinity will be rapidly exposed to the disease. The combination of these has the effect of rapidly 

depleting the available hosts in a host population, removing infectible hosts either through survival – 

with assumed developed immunity – or through death. A modern complication for the survival of a 

disease that shows severe symptoms on infection, is the possibility for immediate medical attention. 

Patients can get treated, isolated or quarantined early on, reducing infection opportunities. Such isolation 

strategies work for Pf, however, Pv can transmit before clinical symptoms appear in infected patients, 

and the Pv cycle in humans includes a possible latent stage in the form of the hypnozoite. The hypnozoite 

hides in liver cells for periods of time that can last up to several years and cause continuous resurgence 

of the disease in a patient. There is currently only one drug that can eliminate these cells, primaquine – 

also known as tafenoquine (Campo et al. 2015). The issue is that many populations across infectious sites 

in Southeast Asia and the Pacific carry a gene – glucose-6-phosphate dehydrogenase (G-6-PD), 

ironically an anti-malarial genetic adaptation – that makes them more susceptible to oxidative damage 

to haemoglobin, and erythrocyte (young red blood cell) destruction. Leading to illness and possible 

death.  

 

The alternative strategy to high transmission strategies, at the other end of the spectrum, is to focus on 

long-term persistence within a host. This strategy focuses on high host survival rates and long infection 

duration – increasing the chances of infection over time, often utilising low detection rates for an 

increased opportunity for exposure to a much larger host population, as hosts with low to no symptoms 

have relatively high mobility and could be in contact with a large selection of different populations over 

time. Trade-offs include the possibility of an infected host not infecting others before recovering, 

receiving treatment or death, forming a dead-end to the disease.  

  

Countering the argument for a younger age due to higher virulence, these theories of evolutionary 

adaptation form an alternative explanation: instead of the higher virulence being a maladaptation of a 

young human disease still adapting to its new hosts, it is much more likely Pf evolved this strategy.  

Characteristics exhibited by Pf that classify it as such include its relatively short and intense 

virulence/pathology, indicating dependence on fast transmission and the availability of ample numbers 

of both hosts and vectors (Wolfe et al. 2007). In doing so, it is characteristic of a crowd disease which 

would struggle to survive in small migratory human populations. The assumption is that, with an 

increasing human population, Pf has evolved towards being an opportunistic crowd-disease, the traits 

of which it has managed to exploit after the onset of agriculture and the growth of human populations. 

This high virulence, crowd disease type strategy is also suspected to have been adopted by more modern 
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strains of tuberculosis (Brooks & McLennan 1992, Wolfe et al. 2007, Joy et al. 2012, Comas et al. 2013), contrasting 

with the lower transmission strategies used by older strains. Possibly indicating that some of these 

ancient diseases continue to adapt to novel population dynamics. Pf differs from the usual crowd-

diseases, and can be sustained by relatively smaller populations, for two main reasons: 1) immunity to 

malaria requires many exposures and is only retained with constant re-infection; and 2) the mosquito 

vector prolongs its persistence as it complicates control over, and predictability of, infections.  

 

The two host system in malaria complicates the already complex system of host-parasite or host-disease 

strategies. In malaria, the necessity for two hosts overcomes some of the issues of both high and low 

virulence strategies. For example, in both Pv and Pf the mosquito vector aids in sustaining transmission 

even if patients are immobilised. However, having to function and survive in two vastly different host 

species, also increases issues of having to adapt to, survive in, and control infection pathways through 

two very different types of species. Though the life stage forms of the malaria parasites presenting 

themselves inside the two hosts are different – providing opportunities for the parasite to specialise and 

adapt to each host in generally well-separated systems – it is important to keep in mind that some effects 

of malaria we see in humans might be adaptations to evolutionary pathways in mosquitoes, and vice 

versa. 

 

1. 3.2 ORIGIN & THE DUFFY NEGATIVITY CONUNDRUM 

 

As established, there is increasing evidence for Africa as the place of Pv’s origin. Classical population 

genetic theory first supported an Asian origin, because generally, a species’ place of origin is likely the 

one with the highest genetic diversity within the species itself. It is important to address how there are 

certain exceptions to this general, population genetics-based, assumption. Usually only a limited number 

of migrants from the original founding population settle new areas, causing genetic variation in migrant 

populations to be generally lower (Novak 2007). This decrease in genetic variation through selective 

migration – termed as founder effects or population bottlenecks – across a population can be mitigated 

in several ways. One is when multiple introductions of varying strains occur, especially if migrants from 

different populations accumulate in one area, or an uncommonly variable selection of the founding 

population is included amongst the migrants (Novak 2007, Lavergne & Molofsky 2007). Other processes 

influencing diversity are: 1) increased selection pressures in different directions (disruptive selection) 

or, 2) isolation of many smaller populations (genetic drift, and allopatric speciation through 

fragmentation of populations). These mechanisms could have contributed to the diversity found in Pv 

today.   
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There are two main identifiable factors influencing disruptive selection. Firstly, and generally the most 

obvious one – as it influences selection in many species – is the environment. The many different 

environments in which malaria is found across the globe would have forced malaria to adapt (Vellend et 

al. 2007). Not only because malaria was adapting to the environment itself, but malaria would have also 

been adapting to changes in behaviour, biology and availability of its vectors.  

 

Another, more uncommon, form of disruptive selection acting on both Pv and Pf malaria species is the 

huge variation in species found in its mosquito hosts – as present across the globe. Disruptive selection 

could have been influenced by the many different species of mosquito present in different regions of the 

world that can act as vectors for malaria, where malaria strains adapt more towards one vector than 

another (Joy et al. 2008). The different environments found in the island Southeast Asian (ISEA) and 

Melanesian areas would have had a similar effect, impacting host migration as well as vector distribution 

(Vellend et al. 2007). Different mosquito species and the environment could also both have been drivers of 

allopatric speciation, i.e. isolating populations through distribution across different mosquito species or 

island geographies, mountain ranges and varying environments that limit human or vector migration. 

 

If vivax malaria was introduced during the first human migrations, there would have been time for Asian 

Pv mtDNA to diversify beyond the original sequences introduced by the colonising population, 

especially when combined with the processes mentioned above. Besides the influence of the previously 

discussed processes of adaptation and diversification of the parasite, on the distribution patterns of Pv 

mtDNA seen today, it is possible that dynamics in the vectors contributed to its distribution too. The 

African Pv founder population could have been burdened with negative selection pressures and have 

declined to smaller numbers in the past. The strongest suggested cause of this negative selection pressure 

is that humans in the area developed Duffy negativity. Duffy negativity is a genetic mutation in a critical 

receptor for Pv invasion, and conferring very strong – albeit only partial – protection against vivax 

malaria. The occurrence of a high prevalence of Duffy negativity across especially Western and Central 

Africa is taken as evidence for an extended joint past of vivax malaria and humans in the region 

(Livingstone 1984), with Duffy negativity a human adaptation to high levels of exposure to, and selection 

from, Pv.  

 

As Duffy negativity prevents the malaria parasites from effectively invading the hosts’ red blood cells, 

the absence of Duffy basically bars the parasite from replicating. This not only prevents the host from 

getting ill, but it also prevents the parasite from invading mosquitoes and moving on to a new host, thus 

preventing the spread of malaria. The strong protection against vivax malaria that Duffy negativity 

confers to its human carriers means that a growing Duffy negative population of human hosts 

complicates the spread and survival of vivax malaria. An increasing number of Duffy negative human 
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individuals within a population confers what is known as ‘herd immunity’, protecting the population 

from infection. Chances of an increasingly rare Duffy positive host getting infected by a random, 

infected mosquito, become significantly reduced. Even were this infection to occur, the chances of 

infection occurring in sequence – which is required for the survival of the disease in a population – 

would also be very much reduced.  

 

Even if some (low) levels of infection do occur in the Duffy negative human host, as has been 

increasingly observed (personal observation, Ryan et al. 2006, Menard et al. 2010, Mendes et al. 2011, Wurtz et al. 2011, 

Albsheer et al. 2019) to transfer the malaria parasite to mosquitoes a certain density of parasites is required. 

High parasite densities are also required further downstream, for mosquitoes to pass on the infection 

effectively back to humans. As such, a significant decrease in parasite density within an infected host 

complicates the spread of the parasite, and thus malarial disease; besides protecting the infected host 

itself from the negative effects of malarial disease. Duffy negativity, therefore, is believed to have all 

but disappeared – and at the very least gone through a severe population bottle-neck, which lowered 

genetic diversity – in Western and Central African populations, at some point in the past.  

 

Since the discovery of Duffy negativity in the 1970s (Miller et al. 1976), it has been taken for granted that 

vivax malaria was hardly present in those areas of West Africa – and many other parts of Africa – with 

high levels of Duffy negativity. The underlying issue was the assumption that Pv would be unable to 

sustain populations in areas containing high levels of resistance in humans. However, recent 

publications have shown that Pv can still infect Duffy negative individuals (personal observation, Ryan et al. 

2006, Menard et al. 2010, Mendes et al. 2011, Wurtz et al. 2011), and that apes might have acted as possible 

reservoirs for the disease in the distant past (Prugnolle et al. 2013) – indicating the possibility of Pv presence 

even in Duffy-negative areas of Africa being sustained through time. Whether the reduced, but still 

present, invasive properties of Pv within Duffy negative individuals is a new adaptation or one which 

has been around for a long time, is unclear. However, Boyd (1930) shows that vivax malaria was still 

present in large areas of Africa, including Duffy negative regions, around the start of the 20th century. 

It is, however, notable that at that time, confusion of Pv with P. ovale was rife. Even so, there is value 

in the reflection that observations by Boyd and earlier malarialogists were (dis)missed in favour of novel 

popular theories, demonstrating that certain scientific theories can find traction beyond the observed, 

even with the plausible presence of counter-evidence. Even so, extensive observations, going back 

several decades, exist of Duffy-positive travellers from Europe acquiring P. vivax infections during their 

visits to West or Central Africa (e.g. Baranova et al. 2019), indicating that P. vivax has been persisting 

at low levels throughout Africa for a prolonged period of time. Irrespective of mode of persistence of 

P. vivax in Africa, the pressure of high rates of Duffy negativity in the human host population would 

have reduced the population size of P. vivax in Africa, resulting in potential genetic bottlenecking and 
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the associated reduced diversity. Possibly causing the lowered diversity seen across this continent, 

especially when compared to the Asian population. The caveat to this is that in all current studies, there 

are very few genome sequences of P. vivax from West and Central Africa – one each from Nigeria and 

Sao Tomé (Culleton et al. 2011), and Mauritania (Mu et al. 2005). As such, the continent-wide diversity may 

be larger than currently assumed. 

 

 

1. 3.3 CURRENT UNDERSTANDING OF GLOBAL DISTRIBUTION PATTERNS PV AND PF  

 

Having introduced some of the disease dynamics, and their differences in Pf and Pv, as well as what is 

known about their possible ages, this section shortly discusses the differences in their distributions, and 

what is known of the history and other dynamics behind them. 

 

We already know Pf is prevalent across much of Africa, with reduced Pv presence due to the Duffy 

negative adaptation in many African populations. Another note on their general differences in 

distribution pattern is that Pf is restricted to tropical regions. As it develops more slowly during the 

developmental stages in the mosquito, it needs high temperatures to successfully transmit. In addition, 

it misses the hypnozoite life stage, which allows Pv to bridge between seasons lacking mosquito vectors 

or seasons that become too cold for the parasite to survive in the mosquito host. Pv is present, and has 

been present much more extensively, across both tropical and temperate zones. Temperate zones 

historically included coastal areas in the UK, the Netherlands and along parts of Scandinavia. The most 

northern European latitudes for Pf, in the recent past and excluding single introductions from travellers, 

reach into Spain and Italy. Not much is known about species diversity of either parasite in Europe, 

especially since both were largely eradicated, and any current ones are likely to have been more recent 

reintroductions (Rodrigues et al. 2017).  

 

In Asia, Pv is still present in parts of North and South Korea, Japan, Mongolia and Northern China, 

including Yunnan (Miao et al. 2012). It has distinct genetic diversity, present even within the slowly 

mutating mitochondrial genome, across sub-continental regions from the Pacific islands of Vanuatu in 

the Southeast, to Korea and Japan in the Northeast, and Bangladesh in the west (Miao et al. 2012, Culleton 

et al. 2011). This diversity will be discussed further later on in the thesis (see Chapter 2), and has been 

discussed in general previously, including its possible underlying driving mechanisms (see Chapter 1.3.2). 

In contrast, Asian diversity in Pf is both much less diversified and less differentiated, especially in those 

genetic regions pertaining to historic dynamics (e.g. Schmedes et al. 2019, Tanabe et al. 2010, Conway 2003). This 

lack of variation, which is not only seen in Asia but across the globe, is thought to be linked with a later 
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(re)introduction of Pf into the region, due to a more generally delayed spread across the globe of Pf 

compared to Pv, as discussed earlier. 

 

Diversity in African Pv is very low, with hardly any showing in previous studies of the mitochondrial 

genome (Culleton et al. 2011). Whether this remains true with an increase in samples from the African 

continent – without Madagascar, which is the main contributor to the African datasets in current 

publications – is the question. Due to the low diversity found across its current samples, estimating the 

age of Pv presence in Africa is complex. Pf diversity in Africa also has a low diversity, though much 

higher compared to Pv, and generally high compared to the genetic diversity of the species overall (e.g. 

Schmedes et al. 2019, Tanabe et al. 2010, Conway 2003). The relatively high diversity of Pf in Africa, and the 

presence of ape-associated malaria lineages in Africa that are genetically most closely related to Pf, 

have made placing the origins of Pf in Africa relatively easy from early on (Livingstone 1958, Tishkoff et al. 

2001, Coluzzi et al. 2002, Hartl et al. 2002, Hartl 2004, Joy et al. 2003, Rich et al. 2009), confirmed later by the 

discovery of Pf-associated malaria species in African gorillas (Liu et al. 2010, Rayner et al. 2011). Even so, it 

must be noted that there is low to no differentiation of the Pf mitochondrial genome at a more localised 

geographic level, across the continent. 

 

For South America, the introduction route and timing for Pf have always been clearly linked with the 

introduction of slaves from Western Africa around the 1600s (Yalcindag et al. 2012, Rodrigues et al. 2017). 

Only recently, similar routes and timing for the introduction of Pv have been suggested, this time from 

Southern European origins, coming with the European explorers and traders instead of the West 

Africans (Rodrigues et al. 2017). Though evidence for this theory is mounting, it still remains questionable 

as it is mainly theoretical, with some support from limited genetics. As a consequence, the route of Pv 

introduction into the Americas remains a little unclear. 

 

The strongest differentiation found in Pf mtDNA by the study by Schmedes et al. (2019), is the 

clustering of samples from the Philippines, Southeast Asia, Papua New Guinea and Vanuatu. As with 

Pv, this region appears both more strongly differentiated and more strongly diversified than most other 

regions. It could be an indication that there are strong selective factors at play across this region, and 

factors that impact both, regardless of age of introduction – be it climate, geography, human populations 

or vector species.  

 

The focus of this project is on Pv as it is widespread across the Indo-Pacific region and believed to have 

been present there for a considerably long period of time (Groube 1993, Mu et al. 2005), possibly from the 

first known human migrations, estimated to be over 40k years ago (kya). It is historically the most 

prolific malaria species, with widespread human genetic adaptations, such as several versions of the 
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glucose-6-phosphate dehydrogenase (G-6-PD) deficiency gene spread across the globe (Mehta et al. 2000, 

Howes et al. 2013). The presence of another malaria-associated mutation, which produces Southeast Asian 

Ovalocytosis (SAO), found across the Austronesian population, indicates exposure and adaptation to 

malaria before migration, and the possibility of these human populations forming a source of 

proliferation (Rosanas-Urgell et al. 2012). Though there are many arguments against the ability of Pv to cross 

the Pacific, given time constraints and an absence of Anopheles spp. vectors for its further propagation, 

it is not an unsuitable migrant. Its ability to remain latently present in humans for several years, as so-

called hypnozoites, concealed in the liver until circumstances trigger it to re-assert itself in the 

bloodstream, make Pv an opportune migratory disease and give it the ability to survive even in short-

term absence of mosquitoes. As immunity to Pv is built up relatively fast (Mueller et al. 2009) it is generally 

less debilitating than Pf, and those infected with an active form can usually still travel and survive.  

 

The environment across most of ISEA and Melanesia would have been suitable for a pre-Austronesian 

introduction of malaria. The Papua New Guinea highlands have been estimated to have developed forms 

of gardening from around 10,000 ya (Denham et al. 2003, 2008). Though the highlands themselves would 

have likely been unsuitable for malaria, such practices present in the coastal areas would have provided 

additional facilitation for mosquitoes and the spread of malaria well before the Austronesian expansion. 

The main malaria vector species in Melanesia, which includes members of the An. punctulatus complex, 

are thought to have evolved well before the arrival, and evolution, of the first humans (Logue et al. 2013, 

2015). The tropical environment and prior presence of Anopheles mosquito species would likely have 

been sufficient for malaria to establish itself. Unlike Pf, Pv has been indicated to survive amongst small, 

isolated, migratory indigenous populations in Southern America (Ivo Mueller pers. comm. 2013), confirming 

its suitability as an early migratory disease. 
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1. 4. LARGE-SCALE DIVERSITY PATTERNS 

1. 4.1 DISEASE GENETICS AND HUMAN MIGRATIONS 

In recent years, there has been a global focus on the spread of disease through human trade, travel and 

other migratory activities. Humans represent an extremely widespread and well-connected species, with 

many migrants moving between populations. Numerous studies have recognised that these vast 

connection networks have had and could have serious implications for the spread of unwanted species, 

including diseases (Brockmann et al. 2006, Tatem et al. 2006, Tatem & Hay 2007, Colizza & Vespignani 2010, Bos et al. 

2011, Chen & Vasilakis 2011). Species propagated through human movement, besides agricultural species 

for trade and subsistence, and those such as pets that are deliberately exchanged, include: commensals 

such as rats, mice and house geckoes; and parasites, diseases and disease vectors such as mosquitoes, 

ticks, yellow fever and hepatitis C (Moritz et al. 1993, Austin 1999, Duplantier et al. 2002, Matisoo-Smith & Robins 

2004, Bryant et al. 2007, Searle et al. 2009, Hardouin et al. 2010, Delatte 2011, Short & Petren 2011, Tonione et al. 2011, 

Markov et al. 2012). The spread of some diseases that have migrated with(in) human beings goes back to 

the very origins of modern humans, such as the bacterium Helicobacter pylori, found in the stomachs 

of around 50% of the current human population (Moodley et al. 2012). Furthermore, studying the past of 

such stowaway diseases also gives an indication of the associated processes of invasion, adaptation and 

evolution of the disease and occasionally of humans (Lambrinos 2004, Facon et al. 2008). This knowledge 

contributes not only toward understanding the current dynamics behind the diseases studied, but also in 

predicting the spread patterns of introduced diseases in the future (McNeill 1998, Bryant et al. 2007, Markov et 

al. 2012, Moodley et al. 2012).  

 

Most recent publications using disease genetics to trace human migration patterns originate from groups 

focusing on the genetic variation of diseases. A few of them focus on the human past that is likely 

associated with the observed patterns. One such study of great interest is the previously mentioned study 

by Moodley et al. (2009), which focuses on the ISEA migrations and their place in global human 

migrations through the DNA of the stomach bacterium Helicobacter pylori. Its results are a good 

indicator for what we expect to find for the phylogeny of Plasmodium vivax in a global setting, focusing 

on the Indo-Pacific migrations. The main discovery was a dichotomy in the genetics of H. pylori around 

ISEA, which is strongly linked to the two different populations found there. The first, associated with 

Papuans/Melanesians/Non-Austronesians, is linked to the African strains but with a split from other 

Asian H. pylori dating back to around 31,000-37,000 ya, indicating the different Asian strains diverged 

after humans first emerged from Africa, yet well before the time of the Austronesians migrating into 

ISEA. They show the presence of different strains across the Asia-Pacific region. 
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Figure 2 shows the historic movement connecting populations of H. pylori, including around the Asia-

Pacific area. It shows splits in populations between Asia, East Asia, Papua/Melanesia and Austronesia. 

Due to the time of infection being restricted to the first weeks of life through mother to child 

transmission, the genetics of H. pylori is a strong proxy for human genetics. This can be seen by the 

correspondence with human migration estimates from human mitochondrial DNA, as published by Bae 

et al. (2017). Besides demonstrating past origins in the Melanesian area, the study by Moodley et al. 

(2009) goes further, showing broad migratory movements across the globe. The results from Bae et al. 

(2017) also show not all movements have been unidirectional, in contrast with the simplified version as 

given in Figure 2, with influence from populations in eastern Asia diffusing back through to Africa. The 

further from Africa, the less backflow there appears to be, possibly with oceans blocking/slowing much 

of the traffic for the Asia-Pacific and American zones.  

 

 
Figure 2: The broader global context of the phylogenetics of H. pylori and human migrations based on Moodley et al. 2009 and Bae 
et al. 2017. Migration directions of humans according to calculations by isolation with migration models for the genetics of eight different 
H. pylori population pools are given in dark blue and black, denoting the northern and southern routes respectively. Routes as found 
for the different human mitochondrial genome haplogroups are given in light blue (haplogroup M), red (haplogroup R), and green 
(haplogroup N). For H. pylori dates given are estimated ages of time to the most recent common ancestor of populations across all 
the regions migrated towards, following an eastward movement. It denotes the estimated earliest time of migrants settling in the region 
in question. 

 

 

For Pv, a similar framework would be of great interest for understanding human Indo-Pacific 

migrations, and the resulting genetic variations within a global context. This project aims to understand 

the patterns of Pv distribution and explore the possibilities for using Pv in a similar fashion with an 

extended dataset of Pv mitochondrial genomes. An earlier study by Miao et al. (2012), involving the 
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mtDNA of Pv and human movements through Asia, indicates a comparable pattern present in Pv as seen 

in H. pylori. The paper concentrated on mtDNA diversity, but did not look into the driving forces 

causing it or estimated the times of introduction. In addition the dataset was relatively small with no or 

little representation from large geographic regions, including mainland Africa and Asia outside of East 

Asia and India. These regions are crucial to understand the past dynamics of Pv as they cover routes 

connecting Africa, the supposed region of origin, to East Asia and Melanesia, sites that have high 

diversity and are well represented in the Pv mtDNA dataset. 

 

 
Figure 3: Map representing the main geographic regions for the main haplogroups as given in Miao et al. 2012: Fig. 2, and their 
connections, overlain on a map showing the main human migrations based on data from human mitochondrial genomes, based on 
that published by Bae et al. 2017. Insert: the haplotype network of Pv mt genome sequences by Miao et al. 2012, recoloured to match 
the map. Each circle represents a different haplotype, each colour the region from which a sample originates. The size of the circles 
indicates the number of samples with that haplotype, the smallest circles indicating a single sample. Each line is a mutational step.  

 

Figure 3 shows a rough geographical representation of the results from the study of mitochondrial DNA 

(mtDNA) diversity of Plasmodium vivax across Asia, and its global connections, published by Miao et 

al (2012). The figure demonstrates a high diversity in the Melanesian region (dark blue), a connection 

between the Americas and Melanesia (grey and dark blue haplotypes respectively), and connections 

between African and South Asian samples (purple) that are placed as intermediaries between East Asia, 

Southeast Asia and Melanesia. The latter connection is explained through migrations not only in the 
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deep past, but also more recent history, including Indian Ocean trade and later connections through 

Western colonisation. 

 

Some of these findings overlap with our predictions as set out in the introduction. The differences are 

that the focus of the paper by Miao et al. (2012) is mainly on the genetic diversity found in China and is 

less concerned with the implications that the migratory dynamics behind the diversity might have for 

understanding the human past. Even so it remains an extremely useful pilot study for our purposes. Two 

other papers that provide key insight into the past of Pv through mtDNA are by Mu et al. (2005) and 

Culleton et al. (2011). Both these papers also show strong association between Melanesian and 

South/Central American samples, which is unsurprising as both the papers (Culleton et al. 2011, Miao et al. 

2012) incorporate the data from Mu et al. (2005) into their study. Two more recent papers focused 

explicitly on the origin of American Pv (Taylor et al. 2012, Rodrigues et al. 2018). In combination with another 

paper containing data on an old Spanish sample (Gelabert et al. 2016) these studies have still not 

satisfactorily resolved the origins of American Pv, though there is increasingly strong evidence for an 

African/European origin, similar to that of Pf.  

 

As with H. pylori it is possible that the two major human migrations to ISEA and Melanesia could have 

introduced distinct strains of Pv. The connection between Pv and humans is not as strong as that of H. 

pylori, making it more complicated to use as a direct proxy for human migrations. However, its greater 

malignancy means that the implications for its influence on exposed human populations and human 

genetic evolution are significantly larger, and therefore even a basic understanding of the past between 

humans and Pv is of great interest. 
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1. 5. SMALL-SCALE DIVERSITY PATTERNS 

 

1. 5.1 POPULATIONS AND DISEASE 

Besides the global large-scale patterns that have been discussed in the previous section, there is a 

plethora of smaller scale variation of human genetics and culture found in Melanesia. Current theories 

on drivers behind population-level diversity contribute towards understanding past interactions between 

humans and disease, both within the region and in a more general sense. The main focus of this section 

will be on the influence of disease, malaria in particular, on a population and vice versa. This includes 

activities by populations that influence disease levels (e.g. through changing their direct environment), 

as well as the influence of disease on human population dynamics.  

 

Since Groube’s (1993) publication on the influence of malaria on human population diversity in 

Melanesia, there appears to have been only sporadic mention of the theories he puts forward. Though 

studying the effects of disease on host populations has been an established area of research in the 

biological sciences for a while (Hamilton et al. 1982), Groube’s theories have mainly resided within the 

spheres of archaeology and anthropology (Fincher & Thornhill 2008). Fincher & Thornhill (2008) discuss 

how infectious disease can act as a wedge between populations, stimulating isolation and thus 

diversification of populations over time. This has much in common with Groube’s theories concerning 

the population diversification in the Pacific and the role of malaria. Though the theory is interesting 

enough to be considered, there are several reasons for it failing to have generated wider attention, the 

reasons for which are laid out in the following paragraphs. 

 

 

1. 5.2 “PARASITE-DRIVEN WEDGE” 

Groube’s (1993) explanation for much of the human population structure found across the Melanesian 

region is the burden of malaria. As malaria is a disease that is relatively host density-dependent, small, 

separate human populations would have been better able to survive malaria, especially as large 

populations are subject to epidemics (Kermack & McKendrick 1927, 1932, 1933, Bailey 1957, Aaron & May 1982, 

Bailey & Norman 1982; all in Groube 1993 pg 170, also in Fincher & Thornhill 2008). Groube’s theory follows the 

thought that whilst existing in relative isolation, these populations would build up a balance of immunity 

and infection with their local malaria strains. Each population would adapt to deal with slightly varying 

strains of malaria. Any migrants would run the risk of being exposed to a strain of malaria for which 

they had no immunity. The implication from this would be that populations gained an advantage in 

isolated existence, beyond contact with specific, close, communities (Groube 1993, Fincher & Thornhill 2008). 
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Groube calls this a “parasite driven-wedge”, where isolation between populations is increased over time 

through exposure and adaptation to local parasite strains. If there was movement between populations, 

this could have happened mainly at the time of marriage. Groube (1993) suggests that as pregnant women 

would especially run the risk of malaria becoming fatal during pregnancy, it is likely that any marital 

associated movements would involve residential mobility by the male partner, creating a matrilocal 

marriage system. Two areas of highest malaria infection in the world, West Africa and Island Melanesia, 

have a conspicuous predominance of matrilocal marriage in their local cultures, suggesting some 

possibility of truth in these conjectures.  

 

Fincher & Thornhill (2008) predict that the areas with the highest levels of infections will have the highest 

levels of population diversity as well as smaller population contact networks, due to the host-parasite 

co-evolution of highly infected populations inducing isolation, similar to Groube's theories. Their 

measure of diversity is not genetics but language, a system that is likely to show diversification at an 

earlier stage, since it is more plastic than genetics. With these predictions in mind, it is interesting that 

the areas mentioned by Groube (1993) as having high malarial load, are also regions with extremely high 

cultural diversity. Island Melanesia is an especially strong case for this argument.  

 

From the above it follows that some of the cultural diversity of the Melanesian region could be explained 

through disease limiting population densities. However, it is wise to approach these theories with 

caution. Research into strain specific immunity, and the relationship between pregnancy and malaria 

infection, actually shows a multi-faceted picture that is not as straightforward as what is assumed to 

come to the conclusions made by the researchers above.  

 

Although there is evidence of local immunity to Pf in human populations in Melanesia (Alyssa Barry pers. 

comm. 2018) the argument needs to be approached with care. Besides strain specific immunity to Pv there 

is a build-up of strain transcending immunity (Doolan et al. 2009, Mueller et al. 2013). In lab tests, mainly for 

treating syphilis, patients were exposed to only a single strain of Pv. Subsequent exposure to different 

strains would make the patient very ill, though with a slight reduction of especially medical 

complications (Mueller et al. 2013, Snounou & Pérignon 2013, Doolan et al. 2009, Langhorne et al. 2008). These studies 

probably led to the early impression that immunity was strongly strain specific. However, once a patient 

has been exposed to several different strains, as is the case generally in natural populations, the strain 

transcending immunity becomes more pronounced, significantly reducing illness from exposure to most 

– if not all – strains within a species (Doolan et al. 2009). For Pv, the reduction in severe illness in humans 

built up from strain-transcending immunity can last up to 3.5 years (Mueller et al. 2013) and protection 

against clinical disease up to 30 years (Langhorne et al. 2008).  
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In regions with continuously high malarial infection, there would therefore be little extra risk in 

migrating between populations. Even so, the isolation of human populations in Melanesia whilst 

exposed to high levels of malaria has probably led to the marked diversity in genetic adaptations found 

in human populations, including a marked variety in G-6-PD (Howes et al. 2013) and human leucocyte 

antigens (HLA, Vina et al. 2012, Skoglund et al. 2016), and varying prevalence of SAO, Duffy negativity and 

Gerbich negativity across different Melanesian regions (Zimmerman et al. 1999, Patel et al. 2004, Rosanas-Urgell 

et al. 2012). For these adaptations to become prevalent would have taken several human generations 

(Hedrick 2011), and could have influenced genetic structuring in malaria populations too. However, this 

genetic structuring is expected to be present in other regions of the malaria genome and not the 

mitochondria. With its slow mutation rate, extremely long-term isolation would be necessary for 

mutations on the mtDNA to become saturated in a population, besides the presence of only three genes 

on the mtDNA that could be targets of selection pressure. Some patterns of connection and isolation of 

human populations on a shorter time-scale have been detected with microsatellites (Koepfli et al. 2015, Fola 

et al. 2018). 

 

The argument for matrilocality due to malaria also has little strength. In populations that are 

continuously exposed to malaria, the main adults at risk of dying from the disease are women in their 

first or second pregnancy. Research has moved on since the past assumptions that it was due to the 

natural immuno-suppression occurring in pregnant women, or that the placenta provides non-immunised 

shelter for the parasites (Fried et al. 1998). Amongst others, to find that though the placenta provides an 

extra organ for parasite sequestration in Pf infections (Beeson & Duffy 2005, Cowman et al. 2016), it is not 

necessarily non-immunised. The placenta itself increases sequestration opportunities for Pf infected 

mature cells, thereby facilitating increased disease. In addition, pregnancy also selects for parasites with 

a different binding mechanism for invading red blood cells, which also have different antigens expressed 

on the surface of infected erythrocytes (Rogerson et al. 2007, Cowman et al. 2016). Due to this, parasites and 

parasitised cells are generally unrecognised by the immune system, even if the patients have built up 

immunity to the normal Pf parasites from regular exposure (Beeson & Duffy 2005, Rogerson et al. 2007, Doolan 

et al. 2009, Cowman et al. 2016). Over subsequent pregnancies, the immune system appears to build up 

recognition of these parasites. According to this theory, all women – local or migrant – are at risk of 

increased illness during pregnancy from Pf. This means there is no perceivable extra benefit to a 

matrilocal-based society for areas with Pf infection. 

 

The risk for increased illness seems mostly absent in Pv (Desai et al. 2007), or at the very least much 

reduced compared to Pf (Nosten et al. 1999) – possibly due to the lack of organ sequestration behaviour.  

In contrast, increased levels of maternal anaemia and lower the birth weight in the new-born remain 

present, for both Pv and Pf (Desai et al. 2007, McGready et al. 2012, Doolan et al. 2009). Pf can also lead to 
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stillbirths and spontaneous abortions, but this feature is argued over in Pv. Desai et al. (2007) claim no 

influence, however the data provided and studied by McGready et al. (2012) indicates similar rates of 

abortion for Pf and Pv. The difference here may be epidemiology. In women who were exposed to Pv 

from early childhood, vivax malaria does not seem to cause much morbidity in pregnancy. However, in 

non-immune women experiencing their first vivax malaria episode, the morbidity generally is higher in 

pregnant compared to non-pregnant women. McGready et al.’s population is more of the latter, non-

immune, type. Even so, according to both Pv retains the negative influence on maternal anaemia and 

birthweight in multigravid women, more so than Pf. In short, though there is morbidity associated with 

infection, for Pv it does not appear to be much more significant for non-pregnant women. For Pf, there 

is increased risk, but, as far as is known, this is risk is not dependant on strain, and disease presents even 

in immune women during their 1st and 2nd pregnancies. Leading to the conclusion that neither disease is 

likely to play a significant role in separating populations based on the influence it has on pregnant 

women.  

 

From this, one may conclude that small-scale population separation caused by malaria only is unlikely. 

Even so, if the effects of malaria were combined with other factors, such as environmental influences, 

malaria itself could exacerbate already existing barriers between populations. This is believed to be the 

case in Papua New Guinea (PNG) between the highland and coastal human populations, where the 

strong separation is probably at least partially due to disease in general and malaria specifically. The 

area between an altitude of 500 and 1200m is plagued by unstable outbreaks of epidemic malaria. Other 

environmental factors contribute to the region being seen as a ‘population sink’ that cannot sustain 

human life without migrants from other areas (Michael Bangs pers. comm. 2012, Ivo Mueller pers. comm. 2013). 

Environmental factors complicating life in the area include high rainfall and steep terrain, complicating 

agricultural activities, but also disease pressure from both the previously mentioned epidemic malaria 

and the highland associated pneumonia. Thus this area forms a large and consistent barrier between the 

highland and coastal areas. It is not unlikely that this could have acted as a wedge, with populations on 

both sides adapting separately to widely different environments. 

 

Purely environmental influences, such as the island geography of ISEA and Melanesia will have 

contributed to the diversity in the area, be it on a smaller scale. Geographic separation of populations 

can result in diversification through lack of continued contact. In biology this is termed the process of 

allopatric speciation, if it were to result in the populations diversifying into separate species. In the case 

of humans and culture, a term such as ‘allopatric diversification’ might be appropriate. The separate 

development of human cultures through geographic separation by oceanic barriers, however, does not 

completely explain the patterning of diversity found. The populations are known to have had the ability 

to cross oceanic barriers, and did so with purpose. It would be unlikely that they settled the Australasian 
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region if this was not the case, and genetic diversity would have been much lower if settlement had been 

through accidental crossings (Chappell 1993, Kirch 2000). The earliest Australasian settlers are estimated to 

have arrived in ISEA from Africa through a Southern Asian route from 60,000 ya to at least 40,000 ya. 

Even with lowered sea-levels at that time the first human settlers would have had to cross broad, deep 

sea-channels from Sunda, the Afro-Eurasian continent, to reach the enlarged continent of Sahul, which 

included a connected New Guinea and Australia (Chappell 1993, Kirch 2000).  

 

Even if discounting the oceanic barriers, the ecology of the area is expected to have played a significant 

role in population diversification. On the large island of New Guinea, linguistic diversity is one of the 

most prolific in the world (Spriggs 1997, Kirch 2000, Pawley et al. 2005). The geography is varied, including 

barriers in the form of high mountains, large rivers and mangroves, and both geography as well as 

ecological variation have been shown to influence cultural and genetic diversity in the region (Stoneking 

et al. 1989, Friedlaender et al. 2008, Romaine 2013). Population variation is also increased by the 

Papuan/Melanesian versus Austronesian descent of the populations, especially as the populations had 

the opportunity to mix their cultures at different ratios depending on the input of each. With all these 

factors influencing population diversity, it is possible that the significant presence of disease and its role 

in selection can explain some of the gaps in understanding the high diversity of the region, but it is hard 

to tease apart from the multiple dynamics that contributed to it.  

 

 

1. 5.3 HUMAN ACTIVITIES AND VECTOR-BORNE DISEASES  

According to O’Brien and Laland (2012), humans impact their own evolution through influencing their 

surroundings. This includes the consequences of human activities affecting disease dynamics. In Boyd’s 

book on malaria parasitology (1930), there is the observation that long-distance dispersal of malaria likely 

occurs through human migrations. In addition, human activities can influence malaria infection rates, 

and malaria transmission, in several ways. This includes the movement of new susceptible people into 

an area, increasing infectivity and parasitaemia transmission levels, which in turn exceeds the usual 

threshold of the local population and creates an epidemic. Alternatively the proliferation of vectors can 

occur through activities such as land development that increases the number of (stagnant) pools or sunlit 

pools, for example by obstructing natural drainage or cutting down trees. 

 

One of the early migrations out of Africa is thought to have been connected to early agricultural land 

clearing (Salamini et al. 2002). The development of early agriculture is connected to large-scale population 

increase, which ultimately led to mass migrations (Cormier 2011). Clearings made in African forests 

through agricultural practices by humans led to a higher incidence of the mosquito Anopheles gambiae, 
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thus increasing the transmission of Pf malaria around 6,000 ya (Livingstone 1958, Tishkoff et al. 2001, Coluzzi 

et al. 2002, Hartl et al. 2002, Hartl 2004, Joy et al. 2003, Rich et al. 2009). According to Coluzzi et al. (2002) A. 

gambiae also became increasingly anthropophilic, whereas it was previously predominantly a 

livestock/wildlife feeder. Wilkinson (1994) argues that swidden agriculture, which creates open spaces 

and allows people to move into forested areas, may have been the main cause of the lowland Mayan 

civilisation’s downfall through an increase of mosquitoes and yellow fever.  

 

Other aspects of agricultural practices, such as stagnant water in cleared areas or flooded agricultural 

land for crops such as taro and rice, could enlarge the breeding grounds for mosquitoes (Livingstone 1958, 

Klinkenberg et al. 2003, Ohba et al. 2012). Alternatively, it has been found that in Southern Asia the more 

rigorous removal of forests in favour of plantations decreases the occurrence of the malaria-transmitting 

mosquito Anopheles dirus (Obsomer et al. 2007), with more dramatic decline of mosquito populations for 

urban areas. Such contrasting effects of human environmental modification on the increase or decrease 

of malaria exposure are due to distinct characteristics of particular mosquito species. Some, such as A. 

dirus are typical forest dwellers, whereas A. sinensis is commonly found in rice-paddies. An indirect 

effect of agricultural activities on human disease is that it facilitates for larger populations. The increased 

density of human populations provides a sustained breeding ground for infectious diseases (McNeill 1998, 

Oppenheimer 2012). The increase in human vectors within a relatively small area would have been a 

contributing factor to increasing malaria levels when early land-clearing practices increased mosquito 

vectors.  

 

Not just agriculture, but other variations in lifestyle among human populations can have a significant 

effect on the disease presence and manifestation in different populations. This has been shown for 

Chagas’ disease in South America (Coimbra 1988). The disease infects mainly humans in the highlands, 

but in the lowlands is a zoonotic disease. The difference is likely due to variations in lifestyle influencing 

host preference of the blood-sucking ‘kissing bugs’ that are the insect vector of this disease. Such 

variations include the type of housing, how much the population moves and the presence of domestic 

animals.  

 

Overall the relationship between human activities, vectors and disease is intricate. ISEA and Melanesia 

form a good study area to study these relationship due to its environmental diversity and varied cultures, 

both now and in the past. Though the main Anopheles vectors in Melanesia are not strongly 

anthropophilic, and will readily bite domestic and wild animals, densities of domestic animals are rather 

low and make humans an accessible target (Ivo Mueller pers. comm. 2013). 
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1. 5.4 HUMAN INVASION, DISEASE AND IMMUNITY 

Processes whereby human activities influence mosquito densities and thus disease transmission could 

have had significant repercussions on populations during the initial stages of such activities, comparable 

to introductions of novel diseases into previously unexposed populations (McNeill 1998). Newly infected 

populations often lack the necessary immunity to a well-developed disease, as well as missing any 

possible cultural adaptations. Impacts of such infections have been demonstrated by the introduction of 

small-pox on the Native Indian populations of the Americas during European colonisation (Snow & 

Lanphear 1988, McNeill 1998). In reverse, populations with established diseases could be hard to invade by 

novel, non-adapted, migrants (McNeill 1998). The latter scenario protects initial settlers, with the disease 

only facilitating for migrants that are in some way already adapted. This dynamic has been referenced 

in some cases as the main difficulty in invading and settling malarious regions in Africa and South Asia 

by Europeans.  

 

Studies on many other species have shown that for species in general it is harder to invade an already 

established population, especially one that is occupying the available resources, if other things are equal 

(Stachowicz et al. 2002, Hardouin et al. 2010). Few studies have looked at what the effect would be if - instead 

of the invading population - the original population had a natural weapon in the form of disease, in 

addition to having the advantage of being the initial settlers. The lack of attention for such a ‘native over 

settler’ point of view could be due to the more recent experience of Western history being involved with 

large-scale colonisations. Western colonisations still form a demonstration of this theory, as in contrast 

to replacing the indigenous populations in Northern America and Australia, they did not manage to settle 

in significant numbers in the tropical, malarious, regions of Africa and Southern Asia.  

 

The reverse scenario of advantaged early settlers could well be the situation for the Australoid (Papuan) 

populations colonising Sahul, particularly if they brought malaria with them. The barrier of disease, 

besides the geographical barrier of the ocean, might provide an explanation for why migrants that 

populated Asia failed to settle the Melanesian areas to a noticeable degree until the Austronesian influx. 

A barrier formed by infectious disease could have remained in place until a sea-faring population 

adapted to the disease arrived and settled the fringe areas. Adapted migrants, especially those bringing 

in a new strain or species of malaria affecting the earlier settlers, would have less trouble settling in the 

infected regions (for example P.vivax infected and adapted Austronesians, bringing genetic mutations 

such as SAO with them). As novel exposure to the disease would still affect the settlers, uncolonised 

areas are likely to have had a preference as migratory destinations. 

 

Groube (1993) discusses an alternative scenario besides the ones mentioned above. As the dynamics of 

malaria are very much dependent on the population structure and immunity of the host populations, an 
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imbalance caused by immigrants could affect the colonised populations to such a degree that they are at 

least as disadvantaged as the migrant populations. The dynamic is as follows: unimmunised migrants 

enter the area, they get infected and increase the density or prevalence of infection. With a constant 

presence of migrants, levels of parasitaemia are raised to above the threshold levels of what the local 

populations are used to, triggering an epidemic that affects migrants as well as locals. This is also known 

as the ‘spillback’ effect, as opposed to the ‘spillover’ effect of new migrants bringing novel diseases 

with them (Kelly et al. 2009). Constant influx of migrants will bring non-infected migrants into the area, 

whilst most of the local population will be suffering from malaria. There is good reasoning behind this 

process described by Groube, but it is difficult to see how the migrants would have the advantage. Any 

new migrants moving into an area exposed to holoendemic malaria, let alone a raging epidemic, are 

unlikely to avoid being infected, which removes any advantage. At best the playing field would be level. 

Advantage is given to those with a more rapid development of immunity to the disease, i.e. those that 

already have an existing level of immunity, or those that have experience of how to deal with the disease. 

Behavioural adaptation to prior exposure could include knowledge of local cures, if not an already 

adapted way of life. An example of how rapidly immunity is acquired by non-exposed migrants moving 

into a holoendemic malarious region is given in the study by Baird et al. (2003). Javanese migrants moved 

into West Papua, suffering severe malarial infections at first exposure, comparable to that of indigenous 

children. These migrants rapidly gained immunity, but around 7.5% of the infected migrants had to be 

evacuated due to the severity of the disease, indicating that non-exposed migrants would have a severe 

disadvantage when entering a malarious region. 

 

 

1. 5.5 MALARIA AND HUMAN GENETIC ADAPTATION 

Besides high diversity in general human genetics, the region of focus in this study is also rich in genetic 

mutations related to malaria adaptations (Serjeantson et al. 1992, Howes et al. 2013). Several adaptations are 

exclusive to the Melanesian area, or local even within certain areas of Melanesia, suggesting high levels 

of population isolation. However, there is evidence of enough contact between populations to spread 

the most effective genetic adaptations against the disease (Serjeantson et al. 1992). The ages of several 

human genetic adaptations to malaria have been estimated by different studies; an overview of this is 

given in Table 1 (Hedrick 2011). These date estimates vary depending on the study, due to differences in 

assumptions made regarding the basic values used in the calculations, such as the chances of survival in 

malarious areas of individuals with adaptive mutations versus those without (the selection coefficient) 

or reproductive rates of those that survive (Hedrick 2011). As demonstrated in Table 1, small variations in 

these assumptions can give substantially different results. Additionally there is substantial variation in 

the standard deviation estimates within studies. More rigorous methods would be useful and currently 

anything based too heavily on precise dates taken from these calibrations would seem questionable. 
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However, even with the variability of the estimates of times of origin it remains clear from most data in 

the table that populations in ISEA have long been exposed to malaria infections. 
 

There is evidence for a link between malaria and Austronesian migrants through the presence of the G-

6-PD deficiency gene in Vanuatu populations (Kaneko et al. 1998). The frequency of the G-6-PD deficiency 

variant (allele) in populations across the different islands and regions of Vanuatu corresponds strongly 

to the level of malarial infection present in each area. The areas with a high malarial load contain human 

populations with a higher frequency of the G-6-PD deficiency gene than those areas with low or no 

malaria presence. All areas, including those that have had little to no gene flow between them, contain 

the same G-6-PD deficiency mutation. This suggests the humans came into the area carrying the variant, 

and those populations still carrying it have been continuously exposed to malaria (Kaneko et al. 1998). 

 
Table 1: Overview of the estimated age of alleles in generations and years (for a 25-year generation length) that confer resistance to 
malaria. Table after Hedrick 2011, pg. 289: Table 2. Selection coefficients with an * are assumed values, not estimated, and — indicates 
no selection (neutrality) is assumed.  

 

 

Gene allele Generations Years Selection coefficient (s) Reference 

b-globin
S 45–70 1125–1750 0.152* Currat et al. (2002)

10–28  250–700 — Modiano et al. (2008)
C 75–150 1875–3750 0.04–0.09 Wood et al. (2005) 

38–120 950–3000 — Modiano et al. (2008) 
E 100.3 (62–222) 2508 (1550–5550) 0.079 (0.035–0.099) Ohashi et al. (2004) 

G6PD
A- 254.3 6357 (3840–11 760) 0.044 Tishkoff et al. (2001)
A- 93 2325 (1200–3862) — Sabeti et al. (2002) 
A- 1800  45 000 (25 000–65 000) — Verrelli et al. (2002) 
A- 40 1000 0.25 Slatkin (2008)

Med 133.2 3330 (1600–6640) 0.034 Tishkoff et al. (2001)
Med 400 10 000 (0–35 000) — Verrelli et al. (2002)

Mahidol 63 1575 0.23 Louicharoen et al. (2009) 

Duffy
ES (null) 1323 310 490 33 075 (6500–97 200) — Hamblin and Di Rienzo (2000)
ES (null) 310 7750 (3625–13 125) — Seixas et al. (2002)
ES (null) 490 12 250 (4250–26 500) — Seixas et al. (2002) 

ABO 
O01 — 1.15 million — Calafell et al. (2008) 
O02 —  2.5 million — Calafell et al. (2008) 

HLA-B 
B53 100 2500 0.028* Hill et al. (1991) 
B53 86 2150  0.041* Hedrick 2011

Age 
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Other evidence for a link between malaria and a specific group of migrants in the Asia-Pacific region is 

the occurrence of a Pv resistance variant associated with Southeast Asian Ovalocytosis (SAO), in certain 

ethnic groups (Mgone et al. 1996, Patel et al. 2004). The mutation mainly protects against Pv infections, yet 

in addition it appears to help reduce the severity of Pf induced cerebral malaria (Genton et al. 1995, Rosanas-

Urgell 2012). The SAO mutation is lethal in homozygous individuals (Genton et al. 1995), which argues that 

to remain present in the population there must have been a high incidence of Pv malaria. Through having 

a long-term selective advantage in the heterozygous individual, such mutations with negative 

consequences will be maintained in the population (Livingstone 1958, 1964). 

 

A possible consequence of contact between two populations carrying different adaptive variants with 

adverse health effects is that the mutations can accumulate in offspring with mixed ancestry. Instead of 

conferring an advantage, the decreased fitness of mixed offspring could create a barrier to population 

admixture, besides any cultural barriers, as mixed progeny would have lower chances of survival to an 

extent that outweighs any relative advantage gained over malaria due to accumulation of deleterious 

mutations. Where separated populations adapted to malaria in different ways such a risk would be an 

added barrier. 
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1. 6. CONCLUSION 

 

This chapter has demonstrated that the human cultural and genetic diversity found across the Eastern 

Hemisphere, and especially within ISEA and Melanesia, is complex and includes a diverse array of 

contributing factors. Whilst substantial research has been conducted on the topic of Pv mitochondrial 

diversity, there is still much left unexplained and there have been no comprehensive studies looking into 

several influencing factors at the same time. Much of the past dynamics behind the distribution of Pv 

and its connections with the human past has been left unexplored. Though the complexity and scale of 

the area tackled in this thesis are considerable, it is precisely this diversity that will make for interesting 

comparisons and help gain a more thorough understanding of factors impacting the interactions between 

humans and malarial disease. In addition it will aid in identifying avenues for future research into 

parasite and human evolution combined. 

 

To such an end this project aims to augment a thorough comprehension of the dynamics behind the 

diversity of Pv in the Eastern Hemisphere. There are several factors that have been shown to influence 

genetic variation on smaller geographic scales or are expected to have a role in the distribution of Pv. 

Chapter 2 explores the distribution and history of, and interaction between, the two vectors on a global 

scale. Studying each vector separately without accounting for the influence of the other could overlook 

important interactions or lead to misinterpretation of data patterns. The expectation is that Pv 

distribution follows human migration and settlement patterns, possibly dating back to the emergence of 

Homo sapiens from Africa, though the emergence could have occurred earlier, with other primates, or 

later. As strong influence of mosquito vector species on the Pv genome has been found in recent 

publications, the expectation is that patterns in human population distribution could be influenced by 

alternative underlying patterns in anophelene species. 

 

Chapter 3 takes a closer look at the influence of past human migration dynamics on the mtDNA variety 

of Pv within a smaller regional context. It looks at the origin of Pv in Melanesia, set within the context 

of the human past both locally and in the surrounding regions. As previous studies show a high diversity 

of Pv in this region there are two alternative, yet compatible, hypotheses. Firstly, the introduction of Pv 

into Melanesia occurred very early on in time, for example with the early H. sapiens Papuan populations, 

and as such it has had ample time to diversify. Alternatively, or additionally, there were several 

introductions of Pv, possibly from different origins such as from both Papuan and Austronesian 

populations. Attempts at studying smaller scale dynamics in this region failed due to the low mutation 

rate of mtDNA being unable to pick up on more recent historical dynamics.  
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The functionality and remaining use for the mitochondrial genome for Pv, and malaria in general, with 

the introduction of whole genome sequencing is the focus for Chapter 4. The chapter reviews the use of 

different genetic sequences for varying research purposes in the past, with a strong emphasis on research 

in malaria phylogenetics and population structure. As whole genome sequencing is still relatively slow 

and costly - both resource and time wise - the expectation is that the mitochondrial genome, and its large 

publicly available database, will still remain a useful tool. In addition, the knowledge garnered on the 

genome throughout the past years, including an understanding of its relatively consistent and stable 

mutation rate across the genome, is anticipated to retain its value especially when looking into the past 

of Pv. The chapter also explores the possibility of combining mtDNA data with data from microsatellites 

as combining data from mtDNA with that of other parts of the genome could increase resolution in 

phylogenetics and population dynamics, leading to greater insight over slightly smaller time periods 

than that covered by the mitochondrial genome.  

 

Overall this thesis attempts to answer how Pv and its diversity and distribution are connected to the 

human past. It assesses the value of using the mitochondrial genome as a tool to answer this question 

and explores what and how other dynamics influence the connections seen. Besides providing an 

increased understanding of the past of Pv, comprehending the influence of these dynamics could provide 

helpful insights for future research into the past of humans, their migration dynamics and their 

adaptation to the disease. 
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CHAPTER II 

 

DISTRIBUTION OF PLASMODIUM VIVAX MALARIA MITOCHONDRIAL GENETICS AND ITS 

DRIVERS ACROSS THE EASTERN HEMISPHERE 

 

“Our encounter is a mathematical formula, 

[…] the way of the universe 

The evidence of fate given to me” – BTS, DNA 

 

___________________________________________________________ 

 

 

2. 1. INTRODUCTION 

 

Malaria is a globally widespread disease, with a strong presence in tropical regions. One of the five 

human infecting species, Plasmodium vivax is geographically most widely spread, occurring in 

both tropical and temperate regions. Until the early 20th century it infected populations across 

Europe, including the Netherlands and the Mediterranean, and is still present in more northern 

latitudes such as Japan and the Korean Peninsula (Deeks 1925, Boyd 1930, Gething et al. 2012, Verhave 

2013). P. vivax is currently not only the most widely spread species of human infecting malaria, 

except for Plasmodium falciparum it is also the most prevalent. This is expected to change, 

however, as P. vivax is proving exceptionally hard to eradicate, still maintaining high levels of 

diversity in areas of intensive control efforts (Gunawardena et al. 2014, Delgado-Ratto et al. 2016, Waltmann 

et al. 2017). The increased recognition of the persistence, prevalence and societal impact of P. vivax 

has augmented recent interest in studying its history, biology and epidemiology. Significant 

progress in these areas of research has been aided by the discovery and sequencing of vivax-like 

parasites in African apes in 2011 (Rayner et al. 2011, Culleton et al. 2011, Prugnolle et al. 2013). The 

discovery of these African parasites has pushed back the estimated age of origin for P. vivax, and 

put its likely place of origin in Africa. However, the origins, spread and evolution of this parasite 

currently remain less well understood than P. falciparum.  

 

The wide distribution and ancient origins of P. vivax enhance the interest in its evolutionary 

dynamics and epidemiology over the long-term, especially as these dynamics are vital for 

estimating the impact of the disease on its human hosts. This chapter elucidates the patterns of 

genetic diversity in the P. vivax mitochondrial genome across the Afro-Eurasian continent and 

Pacific with the help of an increased mitochondrial genomic data-set for P. vivax, which fills 

important geographic gaps in the currently available data including the addition of substantial 

sample numbers from mainland Africa and Melanesia, and new samples for western and central 

Asia. It also explores three possible driving factors behind these patterns: geographical distance, 

mosquito vector species, and past and present human migratory movements. Understanding how 
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each factor has helped shape the distribution and diversity of P. vivax gives insight into the 

diversification of the disease over time. 

 

Though factors influencing the global distribution pattern and diversity of Plasmodium vivax 

malaria (Pv) are starting to be better understood, research usually focuses only on one specific 

factor (e.g. drug resistance, geographic separation, vector species differences, migration) and/or 

region (e. g. East Africa, India, China, South America, Thailand). Studying only a small part of the 

bigger picture can lead to data misinterpretation or neglect of interactions that enhance or dampen 

patterns observed. For example, previous studies have shown a strong geographic patterning in Pv 

mtDNA, up to the point of using this feature to deduce origin of infection in migrant/traveller 

patients (Rodrigues et al. 2015). The geographic structuring has also been used by many studies to 

deduce the origin and phylogeny of Pv in certain regions, e.g. in the Americas (Taylor et al. 2012, 

Rodrigues et al. 2017) and China (Miao et al. 2012, Mu et al. 2005). However, most of these studies look at 

these regions with a bias towards relatively recent human activity (<1000 years ago), and do not 

take into account, or only in a minor way, other contributing factors to the genetic structures seen. 

Due to the regional focus of most of these publications, the general distribution of Pv mtDNA 

across large sections of the world has received mainly summary attention. In contrast, in the past 

two years much progress has been made in attempting to understand the distribution of Pv 

microsatellite (MS) data on both global (Koepfli et al. 2015) and regional (Delgado-Ratto et al. 2016, Fola 

et al. 2017, Waltmann et al. 2017) levels, as well as in understanding patterning in whole genome 

sequence (WGS) data (Pearson et al. 2016, Hupalo et al. 2016). A comparison across these different forms 

of genetic data will be discussed in depth in Chapter 4.  

 

So far, however, large-scale in-depth studies integrating the three main factors that affect P. vivax 

distribution - vector distribution, human migration and geography - have not been done for the 

mitochondrial genome itself. This chapter explores how much the influence of each can be observed 

in the mtDNA distribution and how the three could have influenced each other. With the increased 

size of the mitochondrial dataset and the addition of samples from previously unrepresented, or 

under-sampled, regions, the opportunity has been created to look at the distribution of Pv across a 

much larger geographic scale. This analysis focuses on the distribution of P. vivax in the Eastern 

hemisphere. Previously available data have been augmented with samples from Sudan, Armenia, 

Azerbaijan and Uzbekistan, which fill important geographic gaps in the data. An attempt was made 

to add data from West Africa, but the low endemicity of Pv across this region and across the samples 

received led to the extraction of only half a mitochondrial genome. Even so, the new data add 

significantly to what was available to the west of Pakistan. The genetic variation and history of P. 

vivax in the Americas has been discussed in other publications (Taylor et al. 2012, Rodrigues et al. 2017), 

and since the complex but likely recent patterning in the American data may mask the patterns seen 

across the African, Eurasian and Pacific regions, samples from the Americas have not been included 

in this study.  
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2. 2. GENETIC STRUCTURE 

 

2. 2.1 INTRODUCTION 

In the past decade an increasing number of papers have been published studying the genetic 

structure and distribution of P. vivax populations (e.g. Mu et al. 2005, Culleton et al. 2011, Miao et al. 2012, 

Taylor et al. 2012, Koepfli et al. 2015, Waltmann et al. 2017, Fola et al. 2017). Regional structuring has been 

found in nuclear genome microsatellites (MS) (Koepfli et al. 2015), the mitochondrial genome 

(mtDNA) (Mu et al. 2005, Culleton et al. 2011, Miao et al. 2012, Taylor et al. 2012) and across the full parasite 

genome in nuclear single nucleotide polymorphisms (SNP) (Pearson et al. 2016, Hupalo et al. 2016). 

Hupalo et al. (2016) identified the parasites’ adaptation to human and mosquito, in addition to more 

recent selection pressures from antimalarial drugs, as driving causes behind the observed SNP 

variation. 

 

Previous studies indicate that though little variation is present on the Pv mtDNA, the existing 

variation is strongly regional (Mu et al. 2005, Culleton et al. 2011, Miao et al. 2012, Taylor et al. 2012). Regional 

fingerprints are strong enough to broadly identify the original region of infection of a patient with 

Pv from the mtDNA on a continental scale (Rodrigues et al. 2015). An exception to this exists for the 

area spanning across Africa to South Asia, where Pv has remarkably low genetic variation (Taylor 

et al. 2012, Hupalo et al. 2016). The homogenous distribution of P. vivax strains across this vast region 

has been observed in the mitochondrial genome for a decade or more, and its occurrence has been 

confirmed in the nuclear genome SNPs by Hupalo et al. (2016). The lack of variation in African Pv, 

amongst other factors, contributed to the view, held until recently, that the geographic origin of Pv 

was situated in Southeast Asia (Perkins & Schall 2002, Escalante et al. 2005, Mu et al. 2005).  

 

With the identification of Africa as the origin of Pv instead (Rayner et al. 2011, Culleton et al. 2011, 

Prugnolle et al. 2013, Liu et al. 2014), interest in the dynamics behind the observed genetic structure has 

increased. As a start, this section introduces and examines the differences in Pv mitochondrial 

genetics across the eastern hemisphere utilising several different methods. With the addition of 

samples from new regions situated between Asia and Africa and increased sample numbers for 

mainland Southeast Asia and Melanesia, this section aims to confirm and add more depth and 

understanding to previously observed distribution patterns. 
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2. 2.2 METHODS 

P. vivax isolates were sequenced from archival samples of infected human blood, sampled across 

sites in Papua New Guinea (PNG, 126), the Solomon Islands (SOI, 17), Vanuatu (VAN, 3), Sudan 

(SUD, 33), Armenia (ARM, 4), Uzbekistan (UZB, 9) and Azerbaijan (AZB, 1). Originally these 

samples were taken for epidemiological and population genetic studies, as published in Arnott et 

al. (2014), Koepfli et al. (2012, 2013, 2015), Waltmann et al. (2015), Brega et al. (2004), Leclerc et al. 

(2004) and Menegon et al. (2010, 2014). Human research ethics clearance to conduct research on these 

archival samples for this study specifically was obtained from the Walter & Eliza Hall Institute’s 

(WEHI) human research ethics committee (HREC) in Melbourne, Australia, under WEHI-HREC 

project number 14/14. For all samples the subject of this study fell within the consent obtained from 

patients, as well as within the parameters of previous, local, human ethics permissions. Around 

1400 infected blood samples from Mali were received from collaborators; however, only two of 

these showed Pv infection, one with a parasitaemia too low for successful amplification. From the 

second only half a sequence was obtained. Despite these efforts to increase the dataset for African 

Pv mtDNA samples, only samples from Sudan produced usable sequences.  

 

DNA from the samples was purified across several different labs with varying methods, mainly 

including extractions with QIAamp DNA Blood Mini Kits (Qiagen, Valencia, CA). Genotyping of 

highly variable nuclear size polymorphic markers (including: MSP2, MS8, MS16, MS20, Pv3.27) 

and merozoite surface protein 1 (msp1F3) identified single-clone infections. From these, the 

Melanesian mitochondrial genomes were sequenced (n=150, from PNG, VAN & SOI), according 

to a modified two-fragment PCR protocol based on that by Culleton et al. (2011). The PCR 

amplifications of 3 and 3.5kb were accomplished with Roche Fast Start High Fidelity enzyme 

(Roche Diagnostics AG, Switzerland), according to the provided Roche protocol for long 

amplifications: 2 minutes at 94° C, 10 cycles of 30 sec at 94° C, 1 minute at an optimised annealing 

temperature of 61° C, 3.5 min at 68° C, and then 30 cycles adding 20 seconds to the extension time 

per cycle. Final concentrations of the reaction included 1x buffer with MgCl as provided by Roche, 

0.25mM dNTPs, 2.0U enzyme, and 0.5uM of each primer. Primer sequences and a protocol 

overview can be found in Appendix S2.1. 

 

Sequencing of the samples from Sudan, Azerbaijan, Armenia and Uzbekistan (n = 47) used a 

variation on the above method, as the two-fragment protocol was less effective. Failure was 

possibly due to increased fragmentation of the substrate DNA. Instead, a ten-fragment amplification 

protocol was used. For seven out of ten fragments the protocol utilised the same mastermix formula 

as the two-fragment amplification. The thermocycle was adapted for shorter fragments to 40 normal 

cycles without added time, the elongation step altered to 72°C for 80 seconds, and the final 

elongation at 72°C for 7 minutes. The three remaining fragments used Solis Biodyne FirePol Pink 

enzyme (0.75U) and 1.5-2.5mM MgCl, besides the concentrations of buffer, dNTPs and primers 

from the two-fragment protocol. The thermocycle ran at 94°C for 15 minutes, 30 cycles of 30 sec 
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at 94° C, 1 minute at 61° C and 70 seconds at 72° C, and 10 minutes final elongation at 72°C. The 

tables in Appendix S2.1 show protocol and primer details. PCR products were Sanger sequenced at 

a commercial facility using an Applied Biosystems 3730xl platform. Primers used for PCR and 

sequencing (Appendix S2.1.3) were designed in-house, many based extensively on Culleton et al. 

(2011). 

 

Sanger sequencing results were trimmed, edited and aligned in Geneious v8.0.4 to a consensus 

sequence generated from all P. vivax whole mitochondrial genome sequences available on Genbank 

(October 2014). The sequenced genomes were manually checked and conservatively edited, in 

accordance with the original sequencing chromatograms. A few ambiguous calls were noted (1-2 

in <10% of sequences), where two nucleotides were equally or close to equally present in repeated 

sequencing efforts. These nucleotides were called based on the consensus sequence. As a result true 

diversity was possibly underestimated in a small number of cases. The new mtDNA sequences 

(n=173) were augmented with all other available samples with known origin from Africa, Asia and 

the Pacific from previously published papers, as made accessible on Genbank (as at December 2016), 

and further supplemented with mitochondrial sequences from Cambodia (n=43) and Vietnam (n=7) 

from the ‘MalariaGEN P. vivax Genome Variation’ project as described in Pearson et al. (2016), to 

make up a total of 816 samples (all regions in Figure 1 & Appendix S2.2). See the table in Appendix 

S2.2 for references, and Figure 1 for sample site locations and number of samples per site. 

 

Figure 1. Global map of Plasmodium vivax mitochondrial samples 
Sample locations of samples used in the analyses. Circles sizes correspond to sample numbers from each location, as given. 
Colours according to main geographic regions. 
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After alignment of all sequences, around 90bp was removed from the end (bp 5847-5991, see 

Appendix S3.9). The removed sequence was missing in several previously published sequences, 

and did not show any variation in the other sequences used. All gaps due to varying string lengths 

of single nucleotides were removed. This decision was made due to the high likelihood of both 

sequencing and DNA replication errors in such areas, making them unsuitable for phylogenetic 

inference. In addition, methods incorporating insertions and deletions (indels) into substitution 

models are still a point of contention with the current version of the BEAST2 (Bouckaert et al. 2014) 

software employed. 

 

The expanded dataset of all obtained P. vivax mitochondrial sequences from sample sites across 

the Pacific, Asia and Africa were grouped according to country and several different combinations 

for geographical regions of varying sizes, as shown in Appendix S2.2. These groups were used for 

analysing population dynamics and phylogenetic relationships. For population diversity and 

differentiation estimates, such as HS and Tajima’s D, country level categories were used (Appendix 

S2.2, column ‘Country 2B S#>1’). Some samples were removed from the dataset, either because their 

geographic location was too broad to fall within one location grouping (South Asia (n=1), Africa (n=1)), 

or because the sample size was too small (Afghanistan (n=2), Iran (n=2), Namibia (n=1), Philippines (1), Sri 

Lanka (1)). 

 

Polymorphism data across the entire mitochondrial genome for all samples was calculated with 

DnaSP and single nucleotide polymorphism (SNP) position data was visualised with the R package 

adegenet (Jombart et al. 2010). The same package was used to calculate within population expected 

heterozygosity (HS) for each population. Results are displayed with population category names and 

sample size number in Table 2. Interpopulation differentiation was calculated from sequence data 

with the R package hierfstat (Goudet 2005). The value for population genetic variation chosen were 

the ‘chord distance’ values, DCH, taken from Cavalli-Sforza & Edwards (1967), and found to be the 

best formula for calculating the relationship between populations by Takezaki & Nei (1996). The 

values can be found in the table in Appendix S2.5. These values were used to generate a heatmap 

and dendrogram, illuminating the relatedness between the different populations, in Appendix 2.14. 

 

To better understand and visualise the differences in geographic variation between the different 

genomes, a principal component analyses (PCA) was generated with R (ade4), shown in Figure 5. 

A certain amount of ‘jitter’ was added to the data points (factor = 0.5, amount = 0.4) as many of 

the sequences were exactly the same and overlapped on the PCA figure. As Reich et al. (2008) argue 

in their review of the uses of PCA, it is useful for detecting finer structures in populations, working 

around confounding factors in epidemiological studies and inferring species’ history especially 

concerning large migration events. An alternative method to calculate principal components, called 

the Discriminant Analysis of Principal Components (DAPC, in R package adegenet), was also used 

(Jombart et al. 2010). This method identifies and describes clusters of genetically related individuals, 
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and generally outperforms the much-used STRUCTURE analyses (Jombart et al. 2010) in showing 

relatedness, as well as being faster than Bayesian calculations. 

 

Phylogenetic relationships were estimated using a Bayesian Markov Chain Monte Carlo framework 

in BEASTv2.1.3 and Tracer v1.6 (Rambaut et al. 2014; see Appendix S2.3). For the main model settings, a 

Coalescent Bayesian Skyline study model, HKY (Hasegawa et al. 1985) substitution model and strict 

clock branch rate model were used, with no rate of base pair invariance (I) and variance across sites 

(gamma) between 4 and 12. Even at 12 the gammaShape mean value remained close to zero, 

indicating a high gamma estimate, indicating variance across sites is high. Initial runs were based 

on jModelTest (Darriba et al. 2012) suggestions, but these were later simplified to conform more 

closely with the type of data and analyses used, taking into account that jModelTest is not the 

optimal tool for finding the correct model for Bayesian formats. See Appendix S2.3 for further 

details.  

 

Clock rate was set at ~0.00398 substitutions per site per million years (sub/site/Ma), the average 

median rate estimate from previous publications (see Comas et al. 2013: 0.00189-0.00600 & 0.00211-0.00601, 

Cornejo & Escalante 2006: 0.0032–0.0043, Mu et al. 2005: 0.0045–0.0056, Jongwutiwes et al. 2005: 0.0026–0.0036 

substitutions per site per million years). Both Comas et al. (2013) and Mu et al. (2005) calculated their rates 

by calibrating a divergence time of 6-14.2 Ma (Pacheco et al. 2012) between a clade of P. gonderi and 

Plasmodium sp. from mandrills, with P. vivax and its nine closest Asian Plasmodium sp. relatives. 

Jongwutiwes et al. (2005) calibrated rates to P. falciparum and P. reichenowi host divergence dates, 

human and chimpanzee respectively, with P. knowlesi and P. vivax as outgroups, and using strong 

evidence for constant clock rates. Comas et al. (2013) used a more rigorous method to calculate 

rates, independent of assumptions about P. vivax host relationship with that of hosts of closely 

related strains, using one mitochondrial genome from each of the eleven species of primate-

infecting Plasmodium sp. in a birth-death model in BEAST. As the other rates were very similar 

and the methods not seen as inherently wrong, the mutation rate estimate for this chapter was based 

on all four publications. These are currently still the standards for calculating the Plasmodium 

mitochondrial genome clock rate, and so the decision was made to use a similar rate in this paper 

as the starting estimate for the molecular clock, without the need for repeating the same calibration 

methods. Using this rate also meant the generally problematic addition of an outgroup could be 

avoided. Flexibility of the rate was set to vary within 95% of the highest and lowest rates as 

calculated in the literature (0.00189 – 0.00601 sub/site/Ma respectively), or a factor 10 faster or 

slower than the set rate. 

 

2. 2.3 RESULTS & DISCUSSION 

Across the entire mitochondrial genome there is relatively low variation, as is seen in Figure 2 and 

in the polymorphism data in Table 1, showing only 309 variable sites and 326 mutations over more 

than 5500 nucleotides in 818 samples. Figure 2 shows that polymorphism density is generally 
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similar across the genome, with the exception of one region of heightened SNP density, and one 

region of very low SNP density. These both fall outside the protein-coding regions, but much of 

the mtDNA genome outside the protein coding regions is comprised of codes for ribosomal RNA 

and DNA (rRNA and rDNA respectively), including fragmented codes that assemble after 

transcription, as found in P. falciparum (e.g. Feagin et al. 1997).  

 

 

 

 

 

Most rRNA and rDNA codes on the mtDNA are much more conserved than the protein-coding 

regions, but a few others much less so. The spike in polymorphisms, seen towards 5300bp in Figure 

2, is caused by a few different factors: 1) the three samples from Borneo miss 42bp from 5336-

5377. Some extra mutations occur along the same stretch in other samples – mainly single 

mutations in one or at most two individuals; 2) little prior to that section, a heightened number of 

mutations occur within a span of three base pairs. One of these mutations is geographically specific 

to a sub-group of Cambodian samples (variant frequency: 0.5% overall). Another is present in a 

limited set of samples, mostly from Myanmar, East Asia (China and Korea), and a limited number 

of Melanesian samples (13.2% variant frequency). The third mutation is present at 3.5% variant 

frequency, and occurs on its own or in conjunction with the previous. This mutation too is mainly 

restricted to samples from the Eastern half of the eastern hemisphere.  

 

Figure 2. P. vivax mitochondrial genome distribution of single nucleotide polymorphisms 
Overview of locations of polymorphisms on the mt genome (x-axis, dark blue) and the density of SNPs for each region (y-
axis). The three gene coding sequences located on the mt genome are coloured (yellow, COXIII, COXI and Cytb from left). 
 

Table 1. P. vivax polymorphism data 
Polymorphism data for the mitochondrial 
genome data set. 
 

Sample	number N 818
Number	of	variable	sites S 309
Total	number	of	mutations Eta 326
Number	of	haplotypes h 352
Haplotype	diversity Hd 0.977
Hd	variance Hd	variance 0.000
Hd	standard	deviation Hd	std	dev 0.000
GC	content	noncoding	sites G+Cn 0.374
GC	content	coding	sites G+Cc 0.254
Total	G+C G+C 0.304
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As such a spike in variation on the basis of such little polymorphism emphasises, that the density 

of SNPs remains very low across the mitochondrial genome. Overall, this confirms that applying a 

single substitution rate for the entire genome is largely appropriate for the Pv mitochondrial 

genome.  

 

With such low density of SNPs, which is reiterated by the low values for polymorphic sites (S) per 

population in Table 2, it is unsurprising that heterozygosity (HS) within populations are generally 

low, remaining under HS = 0.2 overall. Even so haplotype diversity (Hd) is generally high at >0.6 

for all except Vanuatu, and the average number of differences within populations (K) above 1.0 for 

all regions except Bangladesh. This shows that though there are relatively few mutations across the 

genome many of the mutations are unique, as is confirmed by the number of haplotypes (h) being 

>5% higher than the number of mutations (Eta), and the number of mutations in turn being 

considerably (~7%) higher than the number of variable sites (S), see Table 1. In all 352 different 

varieties of haplotype are represented in the dataset of 818 samples.  

 

 

 

 

 

Population Full	Name N S h Hs Hd K Pi StDv	Pi
ETH Ethiopia 9 12 5 0.014 0.806 2.833 0.00048 0.00022
SUD Sudan 34 24 19 0.017 0.898 2.832 0.00030 0.00004
MAD Madagascar 66 52 35 0.022 0.821 2.509 0.00043 0.00006
WAS West	Asia	&	Turkey 31 36 21 0.060 0.953 4.151 0.00071 0.00008
UZB Uzbekistan 9 6 6 0.033 0.833 1.778 0.00030 0.00010
PAK Pakistan 54 56 46 0.045 0.990 3.669 0.00063 0.00005
IND India 32 22 13 0.051 0.688 1.948 0.00033 0.00011
BAN Bangladesh 8 3 4 0.018 0.643 0.750 0.00013 0.00005
MMR Myanmar 32 19 16 0.056 0.845 2.177 0.00036 0.00007
THA Thailand 44 37 25 0.100 0.958 3.632 0.00057 0.00006
CAB Cambodia 62 45 33 0.139 0.953 4.887 0.00083 0.00007
VIE Vietnam 17 17 12 0.108 0.941 3.779 0.00065 0.00009
BOR Borneo 4 56 4 0.130 1.000 28.333 0.00126 0.00031
IDO Indonesia 47 30 26 0.038 0.892 1.998 0.00034 0.00004
PNG Papua	New	Guinea 190 101 88 0.066 0.887 2.776 0.00046 0.00004
SOI Solomon	Islands 21 19 13 0.108 0.943 3.967 0.00063 0.00008
VAN Vanuatu 11 8 3 0.041 0.345 1.455 0.00025 0.00015
CHSTH China	South 34 15 11 0.136 0.875 3.774 0.00064 0.00007
CHGU China	Guizhou 26 7 5 0.102 0.683 2.548 0.00044 0.00008
CHAN China	Anhui 37 14 10 0.026 0.607 1.231 0.00021 0.00006
KOR Korea 35 24 18 0.198 0.924 5.640 0.00097 0.00006

N S h Hd Kt Pi StDev	Pi
TOTAL* 803 360* 359* 0.980 5.756

TOTAL	ALL 818 309 352 0.977 5.248 0.00091 0.00002

Table 2. P. vivax genetic diversity and heterozygosity (Hs) 
Genetic diversity measures for each population with N>5, including Borneo. Sample size: N, polymorphic sites (including indels and 
missing sites): S, haplotype number: h, heterozygosity: Hs, haplotype diversity: Hd, average number of differences within the 
population: K, nucleotide diversity: Pi, standard deviation of Pi: StDv Pi.  
Rows are grouped alternatingly by broad geographic regions, from East to West, then North. 
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In terms of global differences in diversity, Table 2 shows that all populations west of Bangladesh 

retain HS < 0.06 (Table 2 all populations above BAN), whereas HS values including Bangladesh 

and to the east are more variable and have more diversity with HS>0.1 for 8 out of 14 values (Table 

2 all populations from MMR down). Western Asia (WAS), a combination of samples from 

Armenia, Azerbaijan and Turkey, has the highest HS in the west. The DAPC in Figure 3 shows that 

the Armenia/Azerbaijan population diverges from the Turkish population as well as most other 

western populations, shown in red. This indicates that Armenia/Azerbaijan is introducing a higher 

level of heterozygosity when the populations are combined.  
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Figure 3. P. vivax DAPC 1 
Discriminant analyses of principal components (DAPC) for the P. vivax populations as given in Appendix Table S2.2 column “Sample 
Map”, according to DA eigenvalues a) 1 & 2, and b) 2 & 3. c) Shows the relationship between populations as coloured along the rgb 
spectrum for eigenvalues 1, 2 & 3 according to DAPC analyses type 1, d) A close up of the populations in East Asia. 
 DAPC calculations were done with the package adegenet in R. 

a) b) 

c) d) 
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The phylogenetic tree in Figure 4b shows that this is through a sample that is of probable 

Melanesian origin. Other such foreign introductions likely include the samples from Iran, as seen 

in the DAPC results in Figures 3 & 6 (DAPC Pv) and the phylogenetic tree results in Figure 4b, 

which strongly suggest a Melanesian origin; and the same is true for the sample from the 

Philippines. The Pilipino and Iranian sequences come from the same publication as some 

Melanesian samples, so it is unclear if contamination could have occurred during lab-work. 

However, there is a modern migrant connection between PNG and the Philippines. In addition, the 

samples from Melanesia and Armenia from this current study were sequenced entirely separately. 

A different study using aliquots from the same set of Central Asian samples also found PNG-type 

individuals in Azerbaijan/Armenia using microsatellite data (Koepfli et al. 2015). As such, the 

probability of the sequence data being from the original source, without contamination, is high.  

 

The origin of the single sample from Namibia in southern Africa remains unclear, as it appears 

difficult to relate to any other haplotype groups. The argument to exclude such small populations 

from further analyses is strong, as there is a high chance that small sample numbers are comprised 

of rare patients coming in from foreign destinations and their sample being used for medical studies. 

For any small population, such an imported sample will strongly influence the data. Larger sample 
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Figure 4. P. vivax mitochondrial genome phylogenetics 
a) Map of Pv sample locations, coloured by geographic grouping “Regional” as given in the index in Appendix S2.2.  
b) Phylogenetic tree, run in BEAST2 with settings as given in Appendix S2.3. The colour-rings on the outside indicate the 
different haplogroups, the sample colours indicate their geographic sampling origin, and corresponds to the regions in 6a.  
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sizes are more likely to originate from local population studies, and in addition any imports will 

have a reduced impact on population genetic analyses. 

 

Overall the results show strong stratification of populations, especially to the east of India. This 

stratification is found not only in the phylogenetic tree in Figure 4b, but also in the PCA in Figure 

5, and throughout the DAPC1 analyses in Figures 3 & 6. Population groupings are relatively similar 

across all methods – phylogenetic tree, PCA, DAPC1, DAPC2, population differentiation 

heatmap/dendrogram – showing that the genetic background for the variation is stable and 

consistent. In the PCA this structuring at first glance seems clear only along the Myanmar-

Melanesia axis, which is the most thoroughly sampled region.  

 

Figure 5. Plasmodium vivax mitochondrial genome migration reconstruction from PCA 
a. & b. Arrows indicate geographic trajectories of genetic clines derived from the clines in PCA data, as given in c., 
demonstrating rough migration directions of P. vivax: (A) from the Middle-East/Africa towards central Asia (Uzbekistan), (B) 
from Southern Asia/Africa, through Bangladesh and Myanmar to Melanesia, (C) from Southern Asia/Africa to Southeast Asia, 
(D) from Central Asia/Africa to Southern China and on to Northeast Asia, (E) from Southeast Asia and Southern China to 
Borneo and Island Southeast Asia, (F) from Southern China towards Central Eastern China (Anhui) and into inland Southern 
China (Guizhou), (G) Southeast Asia to Southern China and northwards. 
c. Principal component analyses (PCA) of P. vivax mtDNA. Arrows indicate genetic clines found across sample populations.  
Coloured according to geographical region.  
AFR: Africa, BAN: Bangladesh, BOR: Borneo, CAS: Central Asia, CHAN: China Anhui, CHGU: China Guizhou, CHSTH: 
China South, CHYU: China Yunnan, ISEA: Island Southeast Asia, MAD: Madagascar, MIS: Island Melanesia, MMR: 
Myanmar, MSEA: Mainland Southeast Asia, NEA: Northeast Asia (Korea), PNG: Papua New Guinea, SAS: South Asia, WAS: 
West Asia.  
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East Asian samples from Central and North China show strong local signatures that are distinct 

from surrounding populations, as confirmed by the phylogenetic tree. Southern Chinese samples 

and samples from Korea diversify along two different axes, which is also picked up in the Pv 

phylogeny. The samples from Yunnan, southern China, branch off from the ‘Southern’ branch of 

the Southern China/Korea phylogeny, and so does the island Southeast Asian population. A 

variation on the structure seen in the phylogenetic tree is that mainland Southeast Asia here is 

grouped more strongly with the East Asian clades than with Myanmar/Melanesia. This could 

explain why occasionally the phylogeny will group mainland Southeast Asia as an earlier branch 

from the tree than both Myanmar and Melanesia. In Figure 5 the associations between samples 

from different regions seen in the PCA have been interpreted on the geographic scale, which shows 

a complexity of movement in Pv through eastern Asia.  

 

 

 

Figure 6. DAPC clusters 
a) Spread of samples and cluster allocation (1 = blue, 2 = beige, 3 = orange, 4 = red) determined by DAPC (adegenet package in R, Jombart 
et al. 2010), shown for eigenvalues 1 (x axis) & 2 (y axis). The samples are allocated to clusters based on similarity across a set number of 
eigenvalues (n.pca) calculated from the data (n.pca = 1000). 
b) Spread of samples and cluster allocation (1 = blue, 2 = beige, 3 = orange, 4 = red) determined by DAPC, shown for eigenvalues 2 (x 
axis) & 3 (y axis). 
c) Overview of sample sizes from each region that fall into each DAPC determined cluster (grp). Populations are given on a country level, 
as is shown in Appendix Table S2.2 under the ‘Country’ column. Sample numbers are given by the size of the square for each region per 
group (grp). 
 

a) 

b) 

c) 
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The groupings according to geography are most clearly displayed in the DAPC cluster data, Figure 

6, which finds the best representative number of groupings and shows the number of samples from 

each region that make up the groups. All methods find a strong single grouping for the populations 

west of, and including, India. The region spans from South Asia, across Central and West Asia to 

Africa and Madagascar (Group 4, red in the DAPC cluster in Figure 4). Papua New Guinea and 

island Melanesia (Solomon Islands and Vanuatu) make up a second group (blue Cluster 1 in DAPC, 

Figure 4). The third includes mainland Southeast Asia (Cambodia, Vietnam, Thailand), Bangladesh 

(Cluster 2, olive in Figure 4) and partially Myanmar. Myanmar branches off from the Melanesian 

group in the phylogenetic tree in Figure 4b, and the PCA in Figure 5 shows that Myanmar sits 

between the mainland Southeast Asian and Melanesian branches, indicating it as a central hub in 

its relationship with surrounding regions. Indonesia, Borneo, Southern China and Northeast Asia 

(Korea), form a fourth group (DAPC Cluster 3, orange, Figure 4), as shown in the dendrogram & 

heatmap (Appendix S2.14) and phylogenetic tree, but are more loosely associated with each other, 

as demonstrated by the DAPC1 population scatterplots in Fig. 5 a & b. 

 

In Figure 6 c & d the DAPC1 results show some variation among these populations in East Asia. 

Some of this variation is caused by the small sample size in two of the southern China populations 

(Hainan = 1 and Yunnan = 3). As mentioned earlier, other points on this map also demonstrate the 

importance of having a larger sample size, as almost all points represented by populations of n=1 

or 2 are very different from what is expected from their surroundings (Namibia, Philippines, Iran, 

Afghanistan), some of which could be imported by international travellers and others that could 

possibly give new insights but are too small in number to do so. As a precautionary measure, all 

these populations were either removed (Namibia, Philippines, Iran, Afghanistan), or combined with 

nearby populations (“China South”: Hainan & Yunnan, with Southern China and Guizhou) from 

the data looking at interpopulation differentiation in the next sections.  

 

Even though there are some populations with small sample sizes that seem to consist of imported 

infections, overall imported infections make up only a minor portion of the samples, as can be 

observed through the generally strong geographical clustering of the samples throughout the results. 
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2. 3. HUMAN MIGRATION 

 

2. 3.1 INTRODUCTION 

As two main hosts exist for human malaria parasites - malaria mosquitoes and humans - it has two 

possible vehicles for dispersion. Dispersal distances for mosquitoes are generally limited; for 

example for the main African vector An. gambiae most individuals travel under 3 km with the 

occasional exception (Thomas et al. 2013), and An. quadrimaculatus was observed to generally 

disperse within 2 km of origin (Le Prince & Griffith 1917). In contrast, human travel distances are much 

larger, including significant global connections in modern society. As discussed earlier, mosquitoes 

may play a significant role in genetic diversification of malaria parasites due to the differences in 

mosquito host species selecting for genetic adaptations, forming barriers through preferential 

selection. These dynamics have been further discussed in Section 2.4 on vectors. However, before 

the distribution currently seen as influenced by mosquito vectors the parasite most likely spread 

from its assumed African origins with its human hosts, and has been spread throughout its current 

range with human migrants. This section looks at traces left of past human migrations in the 

geographic distribution patterns of the Pv mitochondrial genome, aiming to understand the history 

and distribution of Pv in association with its human host. 

 

Numerous diseases spread with the migratory activity of their host. Evidence of past human 

migration spreading the tuberculosis bacterium Mycobacterium tuberculosis (Comas et al. 2013), the 

hepatitis C virus (Markov et al. 2012) and the strong relationship between the genetic variation in the 

stomach gut bacteria Helicobacter pylori (Moodley et al. 2009) with the distribution of the human 

genome show that it is possible to use the modern genome to trace past migration patterns of the 

disease. Other phylogenetic studies reconstructing the historic spread of diseases have used ancient 

genomes (aDNA) from archaeological samples to help understand past genetic distribution and 

migration dynamics (e.g. black death Yersinia pestis (Bos et al. 2011, Achtman 2012) and tuberculosis 

(Fletcher et al. 2003)); however this is not always possible. Currently for Pv the only non-contentious 

‘ancient’ sample that has been sequenced is around 80 years old, from a medical blood slide and 

originating from Spain (Gelabert et al. 2016). Pv genome has been hard to sequence, even from modern 

samples, so using a modern dataset to understand its past makes sense and is possible through 

improved bioinformatics methodologies and an enlarged data-set of the mitochondrial genome 

(>800 samples currently available).  

 

To understand the possible connection between Pv mitochondrial genome differentiation and 

human migration, we have to recognise the major past human movement patterns. The 

mitochondrial genome evolves relatively slowly, on average 1 mutation per site per ~2500k years, 

with around 8000 sites. For that reason it is understood to be a good target for studying dynamics 

that have occurred over several thousands of years. As a start, this section covers the spread of the 
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earliest anatomically modern humans. It makes use of currently available knowledge and data, from 

genetics in modern human populations to archaeological records.  

 

In Figure 7 two types of datasets have been combined to show the main past human migratory 

movements according to the modern human genome (red, green and light blue. Stewart & Chinnery 2015) 

and according to the archaeological record (black and dark blue. Bae et al. 2017). Date estimates for both 

datasets have been given in the colour used for their routes. As can be seen, there is a general 

correspondence between routes and dates given in the two datasets. 

 

 

Though there is no general consensus on the finer details of anatomically modern human migration 

in the past, some broad categorisations are more generally accepted. From earlier theories of just 

one or two main dispersals from Africa, some patterns of variation and multiple exit stages and 

routes are starting to be clarified (Gunz et al. 2009, Groucutt et al. 2015, Timmerman & Friedrich 2016, Bae et 

al. 2017, Skoglund & Mathieson 2018). According to archaeological evidence earliest dispersal of 

anatomically modern humans is supposed to have occurred around 200-100 kya, taking a coastal 

route from Ethiopia across the Arab peninsula and around Southern Asia (Gunz et al. 2009, Groucutt et 

al. 2015, Bae et al. 2017). Towards mainland Southeast Asia this movement split to the north, moving 

into Northern Asia, and to the south towards Papua New Guinea and Australia through Indonesia, 

occurred between 70-120 kya (Bae et al. 2017). The first anatomically modern human remains are 

found in NE Asia around 80-130 kya, and in Australia & PNG from ~65 kya (Clarkson et al. 2017, Bae 

et al. 2017). The earlier presence of Denisovan hominids in the former is shown to have overlapped 

Figure 7. Human migrations 
The figure shows the main human migrations and their times as deduced from modern human mitochondrial genome and 
archaeological data. The three main genetic clades are coloured in light blue (human haplotype group M), red (human haplotype 
group R) and green (human haplotype group N). The movements and dates as deduced from archaeological data are given in 
black (earliest human finds >10 kya) and dark blue (later human finds<10 kya). Dates associated with each movement are 
coloured in the same scheme. Amended from Stewart & Chinnery 2015 and Bae et al. 2017. 
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with the arrival of H. sapiens, with evidence of genetic mixing taking place (Bae et al. 2017, Skoglund 

& Mathieson 2018). 

 

Modern human genetics supports the above movement, in the form of haplogroup M (light blue in 

Figure 7), but estimates the time of emergence to around 65-70 kya (Stewart & Chinnery 2015). Human 

genetics also indicates this out-of-Africa movement coincides with a second emergence of H. 

sapiens from Africa, taking a northern route through Egypt and the Levant. Part of this migratory 

group moves further to the north and together with the emergence of a new haplogroup R populates 

Europe. Haplogroup N also heads across western and central Asia, eastwards across Asia, north of 

the Himalayas. This migration split again east of the Himalayas, with some populations heading 

south towards Southeast Asia, and others heading further eastwards and to the North.  

 

Ancient DNA from anatomically modern human skeletons has helped calibrate dates and routes, 

through giving improved genetic mutation rates, showing ‘missing links’ between human 

populations and the place and time these links were present (Skoglund & Mathieson 2018). The improved 

rates support a split between African and non-African populations around 75 kya, and a divergence 

between non-African (east and west Eurasian) branches from around 47-55 kya (Y chromosome), 

47 or 50 kya (autosomal, clean split model), or 50-60 kya (autosomal, general model) (Skoglund & 

Mathieson 2018). A quick note to these early dispersal routes and their dates is that especially the dates 

of emergence out of Africa are continuously being pushed back. The most recent example of this 

is the publication in January 2018 of the discovery of a skeleton with early H. sapiens features 

found in Israel and dated to 194-154 kya (Hershkovitz et al. 2018). This discovery pushes back the dates 

for the oldest findings of H. sapiens outside of Africa by over 70 ky, indicating that certain 

movements could have occurred much earlier.  

 

Some extra definition to the second of the two main routes is given in Figure 7, as seen in the 

human mitochondrial genetic haplogroup N (green). Haplogroup R (red) splits off haplogroup N 

after exiting Africa, and takes a similar route to haplogroup N, with some variation in western and 

eastern Asia. The latter two migrations also head through both mainland and island Southeast Asia 

towards Australia. A much later migration into the Pacific region comes from haplogroup R, which 

comes from Eastern coastal China through Taiwan and the Philippines. These so-called 

Austronesians arrived in the Pacific from around 4.5 kya, and are thought to be connected to the 

archaeological dispersal of Lapita pottery (Vilar et al. 2008, Sheppard 2011). They brought a rich cultural 

landscape with them and with their maritime expertise not only reached far into the Pacific, to 

Hawaii and New Zealand, but also crossed the Indian Ocean to Madagascar (Bellwood et al. 1995, Tryon 

1995, not shown in Figure 7).  

 

A last significant movement seen in Figure 7 is that archaeological evidence points towards the 

Japanese islands being colonised from both the Korean peninsula and southeastern Russia, around 
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40 kya (Bae et al. 2017). Besides the main routes of importance as mentioned above, Figure 7 shows 

further levels of detail for both archaeological finds (Bae et al. 2017) and human genetics (Stewart & 

Chinnery 2015). These details are further supplemented by the recent publication by Skoglund & 

Mathieson (2018) that reviews all major recent findings by aDNA from anatomically modern human 

remains found across the world. For the eastern hemisphere as discussed in this chapter, some of 

the major dynamics include the observation of significant population admixture from Northern 

Africa, through the Levant to both Europe and stretching through Western and Central Asia to the 

Altai mountains. The admixture includes ancestral European Mesolithic populations from around 

8500 ya being introgressed by early farming populations from the Levant and Iran, up till around 

4500 ya. The flow between Europe (reached by 5000 BC) and the steppe populations stretching to 

the Altai Mountains in the East (by 6000 BC) was extensive and bi-directional. Though there is no 

current aDNA available from South Asia, there are many indications that the populations migrating 

across the Levant and Central Asia moved down into Southern Asia as well (Slatkin & Racimo 2016, 

Skoglund & Mathieson 2018).  

 

In contrast, there are few human mtDNA samples from Eastern Asia, 1x China (Tianyuan, ~40 

kya), 8x Tibet (1-3 kya), 2x Korea (Devil’s Gate, 7.7 kya (Siska et al. 2017)) and 2x Japan (Final 

Jomon period, 3kya) (Slatkin & Racimo 2016, Skoglund & Mathieson 2018). The individuals from Tibet and 

Korea are strongly related to extant populations, indicating strong population stratification and 

consistency. Japanese populations show a mixture of both Jomon and Yayoi ancestry, indicating a 

two-pronged colonisation of early Jomon hunter-gatherers and later Southeast Asia related Yayoi 

rice agriculturalists. Southeast Asian archaeology and anthropology also claim relatively stable in-

situ populations with no extensive overhaul of languages or genetics by populations from outside 

the region (Bellwood & Glover 2004). Even though much influence was received from the East, 

including India, and the North, China, this seems to have been mainly cultural permeation and 

trading, rather than actual colonisation.  
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2. 3.2 METHODS  

Human mitochondrial genome data were obtained from the eHGDP database in R (adegenet package, 

Jombart et al. 2010), using sequences published by Rosenberg et al. (2002), Cann et al. (2002), 

Ramachandran et al. (2005) and Wang et al. (2007). Data from the New World was removed. The 

data were used for principal component analyses and genetic correlation analyses between sample 

populations, as was done for Pv (see methods section for Genetic Structure). PCA values and DAPC 

were calculated to show the underlying variation and geographic connections across the entire 

dataset. Distance between original sample populations was calculated and the Dch values were 

converted into a heatmap and dendrogram. These were all calculated for the original populations 

to enable indirect comparisons of the larger datasets of Pv and humans, as many populations in 

both datasets did not overlap and the next step of using more direct comparisons might lose depth 

due to loss of data. 

 

Populations were then grouped into regions to correspond with similar regions from Pv. Some Pv 

populations were re-assigned to correspond with similar geographic structure as the human data, 

and genetic variation between populations was re-calculated for these groupings in both humans 

Figure 8 & Table 3. Comparison pairs of Pv and human sample sites 
Figure 8: Corresponding sample locations of Pv mtDNA (blue) and human genome (red). A close up of the East Asian region is 
given, with  
Table 3: a table of Spearman correlations testing the closest link between surrounding human populations and certain Pv 
populations (Pv populations: CEA, CHSTH, CHN & NEA).  
CAB: Cambodia, CAS: Central Asia, CEA: Central East Asia, CHN: China North, CHSTH: China South, EAFR: East Africa, IMEL: 
Island Melanesia, ISEA: Island Southeast Asia, MMR: Myanmar, NEA: Northeast Asia, PNG: Papua New Guinea, SAS: South 
Asia, WAFR: West Africa, WAS: West Asia. Appendix S2.4 shows the regions used for each population from the human data, 
and Appendix S2.2 (Hs Comparison) the Pv populations. 

CEA	Pv CHSTH	Pv CHN	Pv NEA	Pv	
#	populations	
compared

15 15 16 16

r 0.63 0.37
p 0.0094 0.1639
r 0.62 0.36
p 0.0104 0.1697
r 0.72 0.3
p 0.0015** 0.2642
r 0.68 0.5
p 0.0041 0.0473**
r 0.52 0.41
p 0.0392 0.1178
r 0.67 0.21
p 0.006** 0.4593
r 0.48 0.54
p 0.07 0.039**
r 0.49 0.5
p 0.0653 0.0592
r 0.48 0.09
p 0.0717 0.7592

CEA	Hs	

MMR	Hs	

JPN/NEA2	Hs	

NEA1	Hs	

CHSTH1	Hs	

CHSTH2	Hs	

CHN2	Hs	

CHN1	Hs	

CEA	Hs	
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and Pv, as can be seen in Table 3 and Figure 8. New population locations and structuring for Pv 

can be found in Appendix S2.2, under the column “Hs”, and seen in Figure 8. Figure 8 shows that 

several human populations geographically surround one or two Pv populations across East Asia. 

Pearson correlations were tested between Pv interpopulation genetic values (Dch) and the varying 

human interpopulation genetic values (Dch) to see which of the surrounding human populations was 

the best fit with the Pv population given over all Pv & Hs comparison. Results are given in Table 

3. See Appendix S2.2 for an overview of the Pv population division, Appendix S2.4 for that of the 

human populations, and Appendix S2.13 for an overview of the populations where cross-

comparison occurs. 

 

With this grouping of populations, correlations between human and Pv population genetic 

differentiation were computed to check for pattern overlap. Linear model correlation values, 

including FST, correlation coefficients and ANOVA, were calculated for Pv Dch values with Hs, 

Geo and Vec. Calculations were approached in the same manner as the sections on geography and 

vectors, using the R packages stat and Hmisc. Results are shown in tables in Appendices S2.9 - 

S2.11. Pearson correlation was checked (rs: 0.19, p: 0.15), and a plot of Hs vs Pv genetic differentiation 

values is shown in Appendix S2.12. 

 

For a broader comparison of human migratory data with the distribution and timing of Pv, data 

from previous publications was gathered to give an overview of times of divergence across the 

eastern hemisphere. The data includes divergence estimates for modern human genome, dates of 

archaeological finds of human remains or activities (split into identified Homo sapiens and general 

unidentified Homo spp.), some dates on remains of introduced commensals (e.g. pig and dog) and 

dates of the ancestry of diseases (Helicobacter pylori, Mycobacterium tuberculosis, and Hepatitis 

B virus). The references for these dates, as displayed in Figure 10, are given in Appendix S2.15. 

For some regions, there was more than one set of date estimates for one data-type. These have been 

aggregated into a single date, taking the minimum 95% interval and the maximum 95% interval 

across all data and averaging the mean. If 95% intervals were unavailable from the data, for 

aggregate data the mean was used as maximum and minimum value, in single data the mean was 

decreased by 1 kya for the minimum and increased by 1 kya for the maximum. This interval was 

used as it gives a date range of relatively high precision compared to the rest of the data and makes 

the data visible in the figure. For all other data, the given mean and 95% intervals were taken from 

the reference. 
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2. 3.3 RESULTS & DISCUSSION 

 

 

The principal components analysis for the human dataset shows strong structuring in 3D space, as 

seen in Figure 9. The distribution is along three main axes geographical axes: African (pink), Asian 

(yellow, green) and Melanesian (blue) branching off the Asian line (Figure 9b). The directions of 
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the PCA results have been shown in their geographic setting, which shows that the axes run along 

almost linear geographic clines (Figure 9a).  

 

The similarity between the two datasets is underlined by the results from the Pearson and linear 

model correlation tests. The Pearson correlation is significant across the entire dataset (lowest 

values in Table 8, t: 0.72, p: 0.0015). More telling is that for the ANOVA FST values are not 

significant taken across the entire Hs versus Pv dataset, but become significant once comparisons 

between populations within the western region are removed. As Pv has a flat structure for the 

genetic differentiation across this region, it makes sense to remove this from the comparison. This 

does imply that human genetic differentiation is correlated to geographic distance, and so it could 

be argued that it is hard to tease these factors apart. However, ANOVA tests that combine for the 

influence of combined geography and human genetic variation find no significant correlation with 

geography, whether across all data or the specific E-W dataset. This could be due to the more 

limited combined dataset of Pv and humans leading to odd structuring of the data in geographic 

space, for example including 13 populations with only five in the west that in addition give very 

little information for Pv.  

 

The time comparisons in Figure 10 show interesting patterns concerning the age estimates for Pv 

lineages and how they correspond with other datasets. The earliest population split in Pv occurs 

well before the split between African and non-African humans. However, the estimated time for 

the most recent common ancestor for the African-Asian clade is estimated to occur around the same 

time as the most recent common ancestor for modern Helicobacter pylori, a stomach gut bacterium 

often seen as a proxy for human genetic diversification, and the earliest human activities seen in 

the archaeological record around Northeast Africa and the Middle East. This pattern is subsequently 

seen almost consistently, where Pv estimated dates for the most recent common ancestor will fall a 

little earlier than the estimated dates for humans, but will overlap with dates from archaeological 

sites. The sites with corresponding ages to Pv diversification are mainly of modern humans, Homo 

sapiens, except for mainland Southeast Asia where the dates correspond to hominid archaeology 

for which the species is unknown. For mainland and island Southeast Asia the human ancestry dates 

are relatively recent and do not relate to the first settlers, as the data comes from populations with 

an East Asian heritage. This is comparable to the Austronesians in Papua New Guinea that arrived 

much later (from around 8 kya) than the early Papuan populations (from around 65 kya). Papuan 

and Austronesian heritage is further discussed in Chapter 3, which focuses on the Melanesian 

region and the relationship between Pv and these two migration events. 
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Figure 10. Humans, Archaeology & Disease  
Overview of age estimates for modern day human population DNA (black), human H. sapiens and other Homo species 
archaeological finds (dark green), modern day Helicobacter pylori DNA (brown), modern day Mycobacterium tuberculosis DNA 
(pink), modern day Hepatitis B virus DNA (orange), archaeological domesticated animal finds (light green), and modern day 
Plasmodium vivax DNA (red) – (a).  
Grouping of data in (a) is structured, coloured according to, and connected to the different geographic regions for which there is 
Pv data available in the phylogenetic tree – (b).  
The data on which these dates are based is found in Appendix Table S2.13, nodes of the phylogenetic tree (same as in Figure 
4b) from which the P. vivax data is taken are shown and marked. 
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Lastly, the recent review looking at aDNA and movements of anatomically modern humans across 

history (Skoglund & Mathieson 2018) suggests that much movement and admixture took place between 

human populations in India and further west, at least from 5,000 ya. The genetic remains of humans 

in Eastern Asia, on the other hand, suggest that long-term population stratification took place in 

these regions from >4,000 ya. These findings strongly correspond with the patterns seen in the Pv 

mtDNA. 
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2. 4. GEOGRAPHY 

 

2. 4.1 INTRODUCTION 

Geography is seen as one of the major factors involved in speciation and genetic diversification 

across many species. Genetic similarity between populations generally declines over geographic 

distance, as contact between populations, and so the exchange and spread of genomes, decreases. 

Isolation by distance (IBD), as it is often called, can be interpreted relatively easily as the genetic 

variation between populations is expected to correlate with the geographic distance between them. 

Naturally this is a simplified interpretation that is much more complex, as it does not take into 

account for example geographic barriers such as deserts, mountains and oceans. These geographic 

features may form barriers to movement and contact between populations, and so tend to increase 

the differentiation between populations over smaller geographic distances. As is shown for humans 

in Pagani et al. (2016), such barriers can stratify the IBD correlation into several different layers.  

 

Another geographic influence on Pv genetic variation is the direct and indirect effect of climate on 

the parasite. Though more tolerant than Pf to colder temperatures (Gething et al. 2011a), there are still 

limits to the climates Pv can survive in. This is not only due to the presence/absence of the mosquito 

vector host, but also depends on the biological ability of Pv to tolerate colder temperatures. The 

ability to survive in colder temperatures also depends on the strain of Pv. Strains found in more 

northern latitudes show local adaptation to the long winter season and lack of mosquito vectors by 

extending the dormancy period as hypnozoites in their life cycles (White 2011, White et al. 2016). This 

is assumed to have underlying genetic mechanisms, though the specific genetic regions involved 

are still unknown. 

 

Not only do geography and climate condition genetic exchange in Pv, forming drivers of allopatric 

speciation, but within similar geographic and climatic ranges mosquito vector and human dispersal 

or behaviour also drive local adaptation/selection. These factors driving sympatric speciation in Pv 

malaria complicate direct geographic correlations, as both hosts to the disease come with their own 

set of complexities that influence distribution and genetic variation in malaria. The expectation is 

that IBD is present in P. vivax but is less straightforward due to the large number of variables 

playing a role in the genetic variation. Influences of the human and mosquito hosts are discussed 

in separate sections. The focus for this section is exploring the role of geographic distance on the 

genetic variation found in the P. vivax mitochondrial genome. 
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2. 4.2 METHODS  

Geographic distances were calculated through the Haversine formula1 , using the latitude and 

longitude of sites. Samples were divided into populations as shown in the table in Appendix S2.2 

(column ‘Country 4’) with all populations <4 samples removed. The table also includes coordinates 

and the resulting distances in kilometres between populations.  

 

To largely follow land-routes, for distances between locations crossing the Middle East (such as 

from Africa to the Pacific), the geographic location of Iran (IRA) was used as a mid-point between 

populations to the east and to the west. Turkey (TUR), Armenia & Azerbaijan (CAS) and western 

Asia (WAS) were exempted from this, as these populations are already centrally located.  

 

 

Genetic structure in Pv, as demonstrated previously, shows strong differences in population 

genetics between populations to the west and to the east of India. In addition, populations from 

central and northern China tend to be surprisingly different from nearby populations. As seen in 

Figure 11 and Table 4, the populations have been divided into these three categories - E, W, N - as 

a way to track differences in inter- and intraregional variation in IBD values, as the expectation is 

that the genetic differences between these regions will influence the correlation between genetic 

and geographic distance. The category for each population can be found in Appendix S2.5. Dch 

values, calculated in the same manner as in the Genetic Structure section, can be found in the lower 

half of the matrix in S2.5. Correlations between Dch and geographic distance were calculated with 

the Pearson correlation coefficient using the Hmisc package in R (rs: 0.19, p: 0.15).  

 
1 Haversine formula two step for Excel used from: https://webtrough.wordpress.com/2011/09/19/latlon-
distance-formula-in-excel-haversine-and-spherical-law-of-cosines/  

Table 4. 
Population names, sample sizes (N), 
assigned geographic group (Geo) and 
colour (GeoCol) for visualisation in further 
analyses.  

Population N Geo GeoCol
BAN 8 E Blue
BOR 4 E Blue
CAB 62 E Blue
CHAN 36 N Red
CHGU 26 N Red
CHSTH 34 E Blue
ETH 9 W Yellow
IDO 47 E Blue
IND 32 W Yellow
KOR 35 N Red
MAD 66 W Yellow
MMR 32 E Blue
PAK 54 W Yellow
PNG 190 E Blue
SOI 21 E Blue
SUD 34 W Yellow
THA 44 E Blue
UZB 9 W Yellow
VAN 11 E Blue
VIE 17 E Blue
WAS 31 W Yellow

Figure 11. Geographic connections between sample sites 
The figure shows a simplified network of connections between sample sites, as used for 
calculating geographic distances. Each regional division (West, East, North) has been 
indicated by a colour panel (Yellow, Blue, Red, respectively). Also given in Table 2.  
All connections between east and west cross through Pakistan (PAK), Uzbekistan (UZB) 
or western Asia (WAS). 
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2. 4.3 RESULTS & DISCUSSION  

 

Correlations between distance and genetic differentiation, as present between populations, are 

shown in Figure 12 and Table 5, divided into subsets of geographic groups (East, North, West). 

The correlation is strongly dependant on what groups are being compared: within the eastern region 

there is a significant positive correlation (blue, t = 3.43, p = 0.001), whereas there is a non-

significant, almost flat correlation found within the western region (yellow, t = -0.41, p = 0.687), 

showing that no matter the distance travelled in the western half of the eastern hemisphere, the 

genetic similarity between regions remains similar. The northern region shows a strong but 

insignificant negative correlation (red, n = 6, t = -1.18, p = 0.304). It is hard to say anything 

significant about this region due to its small sample size, however the negative correlation is likely 

due to the samples from those regions furthest apart, Korea and Southern China, are the most 

closely related. This is clearly seen in the DPCAs and phylogenetic trees in Figures 3, 6 & 4 

respectively. Taken overall, the isolation by distance theory holds true (r = 0.17, p = 0.013), with a 

significant, weakly positive correlation between distance and genetic relatedness. 

 

Figure 12 & Table 5. Geographic distance versus genetic differentiation (DCH) 
Figure 12: Correlations between geographic distance and population differentiation, divided into different cross-geographic 
groupings depending on the geographic location of the sampled population, as shown in Figure 11. ‘East’ denotes anything to the 
east of and including Bangladesh, except for the four ‘North’ populations, to the north of and including southern China. ‘West’ 
denotes anything to the west from India, inclusive. Correlation slopes (lm) for each group are included. 
Table 5: Group size (n), Pearson correlation coefficients (t) and p-value (p) comparing linear correlations between geographic 
distance and genetic differentiation within each geographical group (GeoGroup), as shown in Figure 9. 
 

GeoGroup n t p 95% min 95% max

W_W 21 -0.41 0.687 -0.50 0.35

E_E 45 3.43 0.001 0.20 0.67

N_N 6 -1.18 0.304 -0.93 0.52
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The differences between the patterns of IBD seen across the three regions is discussed more in-

depth in section 2.6 of this chapter. Broadly, the reason is likely related to a combination of the 

other two factors discussed in this chapter: 1) Human migration patterns in the past – with 

significant movement between African and Asian populations, up to Southern Asia; a stronger 

stratification of populations to the east; and possible coastal movement of humans that link 

Southern China with Korea, breaking up the possible stratification of the Northern region. Lower 

diversity in the West could also be caused by historically higher transmission of Pv malaria across 

this region. 2) A strong suggestion is found for the influence of vector species distribution 

influencing the regional genetic variation in Pv – further discussed in section 2.5 of this chapter. In 

addition, an influence from climate might play a role too.  

 

Further evidence for the linear relationship between geographic and genetic distance is found in the 

FST for a linear model. Correlations between DCH and geographic distance were found to be 

significant across all populations with >5 samples, including Borneo (FST: 12.75, DF: 207, p: 

0.00*), and for all samples east of India, incorporating the northern populations (FST: 11.49, DF: 

88, p: 0.00*). For all samples west of and including India, the correlation decreases (FST: 2.753, 

DF: 18, p: 0.09) and is no longer significant, due to the loss of variation in DCH across this 

geographic region.  
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2. 5. MOSQUITO VECTOR 

 

2. 5.1 INTRODUCTION 

When considering malaria genetics, it is important to realise that besides geographic barriers that 

limit the presence of the disease or the movement of the human or mosquito hosts, adaptation to 

the host or vector can be a limiting factor to its spread. Genetically, humans are very similar and 

all belong to one species, but for Anopheline mosquito vectors this is not the case. Many different 

species, and sub-species, of Anopheles mosquitoes host malaria (Sinka et al. 2012), and these species 

and most of their diversity are likely much older than the earliest humans; with for example 

previous studies indicating the presence of the An. farauti complex in Melanesia before 

anatomically modern human occupation (Hasan et al. 2008).  For P. falciparum it has been shown that 

regional vectors are strongly related to the effective transmission of regional parasite strains (Molina-

Cruz & Barillas-Mury 2014, Molina-Cruz et al. 2015), to the extent that transmission of non-local strains can 

be blocked entirely. This host-parasite compatibility has a genetic background and experiments 

have shown that parasites with the regional variant of the circumsporozoite (csp) gene have 

increased compatibility with the regional host (Joy et al. 2008).  

 

 

Foreign strains may have an advantage over local populations regarding transmitting within human 

populations, which will lack specific immunity to strains they have not been exposed to. 

Figure 13. Main malaria Anopheles vector species per region 
Map with the main Anopheles vector species, data, legend and colours as given in Sinka et al. 2012, and sample locations 
of all used Plasmodium vivax mitochondrial genomes. The location of the geographical divides between the Oriental and 
Australian regions (Wallace, Weber and Lydekker lines), according to Gaylord 1977, are marked in red. 
 

Wallace
Weber

Lydekker
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Alternatively, foreign strains might be hindered by host genetic resistance mechanisms if local 

parasites are better adapted, and the barrier to transmission within vectors could explain why strong 

structuring remains within the mitochondrial genome, if imported strains have disadvantages not 

only in numbers, but also in host compatibility and subsequent transmission and infection. The 

Assam province in Northeast India is assumed to act as such a barrier. Chloroquine resistance in Pf 

has been present to the east of this region since the 1970s, yet showed delayed spread to the west 

(Goswami et al. 2013). This geographic boundary is associated with a change in major mosquito vector 

species from A. dirus/minimus in Southeast Asia to A. fluviatilis/stephensi/culicifacies in South 

Asia (Sinka et al. 2012), see Figure 13. Similarly, while chloroquine resistance has been present in 

Colombia since the 1960s, P. falciparum in Central America remains chloroquine sensitive (Sá et al. 

2009). 

 

Another example concerns Pv. In southern Mexico, coastal and foothill vector species, An. 

albimanus and An. pseudopunctipennis respectively, meet in a hybrid zone near the town of 

Tapachula (Joy et al. 2008). Within these populations there is a strong dichotomy in both the 

circumsporozoite (csp) gene of Pv and 24 other microsatellite (MS) markers, which vary according 

to mosquito vector species that hosts the parasite. Each malaria parasite was shown to reproduce 

more successfully in their sympatric mosquito species. Within the mosquito hybrid zone overlap 

and interchange of the genetic variation is present across Pv parasites, with some vectors carrying 

parasites of both types. Between coastal populations and foothill populations separately the 

variation between malaria parasites was absent. Joy et al. (2008) show that mosquito vector species 

can form a selective pressure on malaria parasites and form a barrier to genetic introgression.  

 

It can be concluded that there is a definite genetic impact from mosquito vector species on malaria 

parasites. When looking at genetic correlations between Pv parasite population structure and 

mosquito vector, it makes sense to first check whether genes involved in adaptation process to the 

mosquito vector are associated with mosquito vector distribution. Pv genes that are suspected to be 

involved in processes of malaria transmission in the mosquito vector – such as Pvs47 and Pvs48/45 

– have shown distinct geographical differentiation, even with a limited number of polymorphisms 

(Woo et al. 2013, Tachibana et al. 2015). Pvs47 shows a slightly similar patterning to Pv mtDNA. 

Sequences from Korea (40) and Indonesia (3) show close genetic proximity, with Thailand (10) 

forming a separate cluster closely related to Indonesia. Vanuatu (9) forms a separate cluster that is 

distinct. However, with only five countries sampled in the eastern hemisphere, all to the east of 

India (namely: India, Thailand, Korea, Indonesia and Vanuatu), and only three samples from India 

and Indonesia, it is hard to make further intra- or even interregional comparisons from the currently 

available data. There are no overlapping mosquito vector species distributions for the countries 

sampled.  
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Hupalo et al. (2016) did observe the impact of adaptation to mosquito vectors across multiple 

sections of the P. vivax genome, where high amounts of diversity was detected in genes involved 

in mosquito vector interactions when comparing between geographic areas, in this case Old and 

New World.  The larger dataset of Pv genetics provided by Hupalo et al. (2016) also includes data 

on Pvs47. Combining the two datasets – Tachibana et al. 2015, Hupalo et al. 2016 – gives an increased 

coverage of samples from new locations across the eastern hemisphere, namely Madagascar, 

Cambodia, Myanmar, and Papua New Guinea. An overview of the mutations in Pvs47 found across 

samples from populations across the eastern hemisphere, from these datasets, is given in 

Supplementary Table S2.7.  

 

Table S2.7 shows a few geographical trends in mutations across the Pvs47 gene: 1) between India 

and Myanmar, there is a loss of the mutation in position 57 for all populations to the east, and an 

increase in occurrence in a mutation in position 373; 2) a mutation is occasionally found in position 

273, restricted to Myanmar and the Mainland Southeast Asian populations (Thailand, Cambodia); 

3) in populations across East Asia when moving eastwards, the mutation in position 230 appears to 

become more fixed; 4) the biggest switch is visible in Melanesian populations (PNG & Vanuatu), 

with the loss of mutations in positions in 230 and 233 – commonly found in all the other regions – 

and the novel, frequent, occurrence of a mutation in position 240. These observations show that 

there is variation present in the Pvs47 gene, which broadly follows some of the regional mosquito 

vector variation seen by Sinka et al. (2012). However, none of the regionally typical mutations 

(Ile273Val & Ser62Asn for Mainland Southeast Asia, Glu240Asp for Melanesia) are fixed within 

the populations. Only the absence of the mutations Ser57Thr (throughout the region east of India), 

and Val230Ile & Met233Ile (in Melanesia) are relatively comprehensive. In all, in its current state 

the Pvs47 database does not appear to show any clear association between its genetic diversity and 

the main mosquito vectors present in the region. 

 

An interest in comparing and correlating vector species with the genetic differentiation in malaria 

parasites remains strong, even for the mitochondrial genome that does not contain genes involved 

in specifically vector-related processes. The paper by Joy et al. (2008) demonstrates and emphasises 

that the presence of a transmission barrier created by vector species has consequences for regions 

on the genome that are not involved in processes regarding vector adaptation: vector specificity is 

enough for populations to diverge in isolation and differentiate in other regions on the genome as 

the barrier prevents hybridisation. In the analyses of SNPs across the full genome of 195 isolates, 

geographical structuring for the eastern hemisphere has some overlapping similarities with the Pv 

mtDNA dataset, and some notable differences. Similarities include the genetic differentiation 

between India and Myanmar, and the strong phylogenetic separation of the population in Papua 

New Guinea. Differences include that Myanmar and North Korea cluster with Thailand, and 

Cambodia and Vietnam show some differentiation from the Myanmar/NKorean/Thai cluster. A 

quick comparison of the genetic diversity found in Pv, as detected by Hupalo et al. (2016), with the 
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map of Anopheline distributions in Figure 13, shows that the geographic distribution of Pv only 

partially corresponds with the geographic distribution of Anopheles vector species: with 

correspondence in the India/Myanmar switch and the PNG differentiation, but non-correspondence 

of Pv genetic structuring with vector populations in East Asia. 

 

As the mitochondrial genome evolves only very slowly, it may be the best part of the genome to 

compare with Anopheline species structuring, as the age and global distribution of Anopheline 

species has been estimated to ages well beyond the ~160kya age estimate of Pv’s global most recent 

common ancestor (Hasan et al. 2008). The mitochondrial genome might not undergo directly selective 

changes from adaptation to the vector but the species barriers could help maintain and evolve local 

signatures in the genome once the first adapted parasites are established in a population. As a 

consequence, newly imported strains would have a disadvantage unless there is compatibility 

between vectors they were adapted and are adapting to. Another reason to explore this connection 

with mtDNA is the current size and geographical distribution of the mtDNA database, which is 

comprehensive enough to explore inter- and intraregional levels of variation and possible 

correlations with mosquito vector distributions. 
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2. 5.2 METHODS  

As there is a significant differentiation between mosquito species, and malaria is known to adapt to 

that level, it was decided to compare genetic variation in Pv to variation at the mosquito species 

level.  

 

A mathematical model was set up to calculate vector differentiation between different regions. To 

do so, the major vector species were taken from Sinka et al. (2012) for each region (region x vs. 

region y), and the number of species shared by two regions (mx=y) were divided by the total number 

of different species present in the two regions (mx≠y + my≠x + mx=y). The vector overlap index (Vxy) 

is calculated as follows:  

 

Vxy    =    (mx=y) 

(mx≠y + my≠x + mx=y) 

 

Values for Vxy can be found in the appendix in Table S2.5. Geographic distances between sample 

sites were calculated in the same way as that for the section on geography. Genetic variation (Dch) 

is also taken from the sections above. For the comparison between vectors and geographic distances 

no samples sites were removed (n= 816), besides the non-specified African (n=1) and South Asian 

(n=1) samples – as sample size does not influence either value. Correlations were calculated with 

the package Hmisc in R (Harrell et al. 2018), using the Spearman rank test because Vxy values behaved 

like discrete variables more suited to rank tests. 

 

Table 6 gives an overview of the major vectors, the phylogenetic clade and series (Sinka et al. 2012, 

Harbach & Kitching 2016, Harbach 2013, vectorbase.org) of the major vectors and the dominant geographic 

haplotype of the Pv samples collected for the regions as categorised in Table S2.2: ‘Country 2B’. 

The column giving the major vector species in Table 6 is colour-coded according to the colour in 

which the respective sample region lies in Figure 11. 

 

Using the information on the distribution of mosquito species from Table 6, and the DPCA 

groupings and regional frequency of the Pv mtDNA from Chapter 2.2, a heatplot-style data 

overview was made (Figure 14). This data overview enables visual comparison of the frequency each 

species and each DPCA group was present within every geographical region. It was made using 

ggplot2 in R, with each bar colour representative of the frequency at which the category was 

present.  
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2. 5.3 RESULTS & DISCUSSION 

 

The correlation between vector species overlap with geographic and genetic distance is skewed, as 

there are many data-points with no major vector overlap between regions (Vxy = 0). Working with 

these values showed the data was not well suited to this format of calculating correlations, for 

several reasons including this high number of regions without any degree of vector correspondence. 

The results were however still significant, in favour of negative correlations between vector and 

geographic distance (Spearman signed rank correlation coefficient: rs = -0.54, p = 0.00), and vector and Pv Dch 

(Spearman signed rank correlation coefficient: rs = -0.54, p = 0.35). For this reason the results have been added 

in the appendix, Appendix S2.8. In fact the correlation between vector species and Pv is much more 

clearly visible when plotting the vector species presence together with the Pv DPCA for all the 

regions, as shown in Figure 14.    

 

A clear connection between the major vector species and the differentiation of Pv mtDNA is shown 

in Figure 14. Island Southeast Asia versus Melanesia shows an interesting divide, where vector 

species and malaria phylogeny vary but climate across this region is generally similar (Peel et al. 

Figure 14. Regional Mosquito Vector Species Distribution and Pv mtDNA DAPC 
Overview of frequency with which each DAPC subgroup is present in the Pv mtDNA samples from the different geographic 
regions (out of total sample number from each region; PvDAPC_1_MEL – PvDAPC_4_West), as well as the recorded presence 
or absence (1 or 0 respectively) of Anopheles mosquito vector species as a major vector across each geographic region 
(An_arabiensis – An_punctulatus). Geographic regions are named according to the abbreviations used in Table S2.2. 
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2007, Sinka et al. 2012). A difference in species is found across many different clades and species, such 

as plants and animals, and is usually observed as a general divide in species to the east and west of 

what is called the Wallace line (Mayr 1944, Camerini 1993, Barber et al. 2000), which is geographically 

noted by the deep-sea trough formed by the Lombok straight to the east of Java and Borneo and 

denotes the edge of the old Sunda continent. Nevertheless, as seen in Figure 13, the mosquito vector 

species composition in this region changes across another geographic divide: the region between 

the Lydekker and Weber lines. These lie slightly further to the east and denote the edges of the old 

Sahul continent, which combined Australia and Papua New Guinea (Mayr 1944, Gaylord 1977). All 

three lines show divisions transversing several zoological taxa and are established geographic 

divides between the Oriental and Austral regions, even though climate across them is continuous 

(Peel et al. 2007, Sinka et al. 2012). 

 

Another differentiation between vector species and climate is seen between Southern China and the 

rest of more northern East Asia. The major vector species for this region are the same as for the 

remainder of China and Northeast Asia, yet climate varies and is grouped with the northern parts 

of mainland Southeast Asia. The Southern China phylogeny clusters only with Northeast Asia, 

suggesting the connection between these regions is neither geographic nor climatic. 

 

A point of interest is the major phylogenetic split in Pv mtDNA between East & Island Southeast 

Asia and the rest of the samples. Though looking at the mosquito vectors at a species level does not 

show clearly that there is a vector-related dynamic behind this split, a strong differentiation between 

these two phylogenetic groupings becomes clear at the mosquito clade level, as seen in Table 6. 

The Pv mtDNA phylogenetic split is echoed in the major vector clades for these regions: most 

regions are entirely dominated by mosquito vectors from the Cellia, whereas both East Asia and 

Island Southeast Asia share the characteristic of having major Anopheles representation. This is of 

special interest as for both Anopheline mosquitoes and for Pv mtDNA, the major split in their 

phylogenies aligns across the same geographic regions. 
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2. 6. OVERALL RESULTS & DISCUSSION 

 

There are strong indications that all three of the factors explored in this chapter, human migration, 

geographic distance and mosquito vector species, have had a significant role in shaping the genetic 

diversity of Pv mtDNA. It is obviously hard to separate out the interaction between these factors, 

and they are expected to be closely connected to each other. Human migration over time includes 

a link to geographic distance over time, and mosquito species will vary over distance, just as general 

geographic climate parameters will generally change over distance too. However, for human 

migration there are levels in which human historical movement is present in Pv genetics, such as 

seen in the PCA (Figure 5) and Bayesian Phylogenetic Tree (Figure 4b), which are not directly 

associated with geographic distance.  

 

For instance, in Figure 5 the PCAs show population movement and isolation of small populations 

in China (Figure 17 F & H) that are not a direct correlation to geographical distance in relation to 

its supposed African source. In fact there are many interesting patterns across this East Asian region 

for which connections with both recent and more remote human history would be an interesting 

avenue of research. The patterns seen here appear to confirm the suggestion by Miao et al. (2012) 

that Pv across East Asia indicate an ancient presence. The mtDNA across China and Korea is 

stratified into an interior haplogroup found in Anhui and Guizhou, and a more coastal haplotype 

found in Southern China and Korea. Pv samples linked to Korea are the ones on or near the southern 

Chinese coast. As these two regions are the furthest apart on a continental route, the link between 

the two regions is more likely to be coastal – possibly an old marine trading link. Unlike the links 

across and around the Indian Ocean, the East Asian routes do not appear to reach far inland in either 

location.  

 

Though currently still speculative, the pattern in human movement found in aDNA data as reviewed 

by Skoglund & Mathieson (2018) suggests strong mixing of human populations to the west of India 

throughout much of human history. The current findings in East Asia on the other hand indicate 

strong stratification and possible long-term isolation/continuance of populations. These patterns 

would agree with the current distribution seen in the Pv mitochondrial genome. However, the 

human data is based on a limited number of samples (2-3 in East Asia), and this observation comes 

with limited historic knowledge of human movements in the region. As such, caution is required in 

making general conclusions based on such limited data, and an in-depth study of the dynamics in 

East Asia specifically would be of great interest, especially with future additions to the 

archaeological dataset.  

 

Another indicator of a connection with human movement in the past that does not have a direct 

correspondence to distance is the relationship of ISEA Pv with that of EAsia, as seen in Figure 4, 
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and other results across section 2.2. Geographically the expectation is for ISEA to take up a position 

as an intermediate between Melanesian and either Myanmar or MSEA Pv. Instead this link 

indicates the movement of the disease from Eastern Asia to ISEA, considerably far removed in the 

past to be associated with the first anatomically modern humans - or earlier - making this southern 

movement. Possibly the vectors from source and sink populations were more compatible, as it is 

assumed that at least some Pv strains from another introduction coming through mainland southeast 

Asia and ending in Melanesia would have been present before this introduction. 

 

The difference in these two geographically close but genetically distant lineages found in ISEA and 

MSEA/Melanesia correspond to a broad lineage split found in both Pv and humans. The human 

mitochondrial lineages M and N, as seen in Figure 7, correspond well in geographic distribution 

with the two main lineages seen in Pv, as shown in the phylogenetic tree in Figure 4b. This 

distribution indicates links between human and Pv lineages and provides a strong basis for the 

argument that the Pv currently found across the Eastern Hemisphere spread to its current locations 

mainly with the earliest known anatomically modern human beings to migrate out of Africa, 

suggesting its’ spread neither post- or predates this migratory movement. However, the dating of 

this split in Pv lies well before that of the human lineages (Figure 10). There is some room for arguing 

an older date might be appropriate for humans, as archaeological findings in Australia and 

Indonesia are constantly pushing back dates of anatomically modern human presence in the region 

(Clarkson et al. 2017, Westaway et al. 2017). These dates however would not go as far back as the current 

Pv lineage age. An improvement of Pv dates, for example with an enlarged data-set, improved 

mathematical model, or better understanding of the mutation rate of the mitochondrial genome, 

could make a much larger difference in this date estimate, especially as the error margin increases 

the further back in time/lineage the calculations go. 

 

The correspondence of the introduction of Pv to certain regions with archaeological evidence of H. 

sapiens, as seen in Figure 10, also underlines this connection between Pv and Hs. The estimated 

age of Pv’s most recent common ancestors predating that of modern humans underlines its long-

established presence. Though the dates, as well as the presence of Pv type and other malarial 

infections found across all species of ape, indicate a long association with hominids even before 

the rise of modern humans, it appears it was H. sapiens that spread the disease on a global scale. 

At the very least the form of Pv found today. 

 

Lastly, the flat distribution of Pv mtDNA variation from Africa to India indicates the lack of the 

usually isolating influence from increased geographic distance across this region. Instead the lack 

of variation indicates consistent contact across the entire region, over extended periods of time. 

This corresponds with the very lengthy history of trading around the Indian Ocean, from India to 

Madagascar. However, the fact that this connection reaches considerably inland across the entire 

region, including Mauritania, Niger, Turkey and Armenia, which are expected to have been more 
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isolated from this contact, indicates there is more contributing to the pattern in Pv genetics than this 

one simplified historic movement of humans. From the PCA in Figure 5 some distinction is found 

in the samples from Uzbekistan (UZB/CAS), denoting that some isolation of this region from the 

main Africa-South Asia axis was present. 

 

In contrast the historic sample of Pv from Spain is supposedly more different from the Indian Ocean 

subtype (Gelabert et al. 2016), which suggests an isolation of Europe from this widespread bi-

continental interaction. Though North African samples are missing from this data set, the European 

fingerprint as suggested by the century-old Spanish sample indicates isolation from Africa 

(including north-western Africa as denoted by Mauritanian samples) and western Asia (including 

the geographically continent-bridging Turkey). Historically southern Spain, where the sample 

originates, has strong human connections with these regions or at least areas close to them. In this 

light it would be of interest to obtain sequences from Pv samples from North Africa as well as 

further (historic) samples from Europe, to gain confirmation for the findings of the published study 

and an increased understanding of the genetic landscape across the region. This is especially 

important for underlining claims of a possible European import of Pv to South America (Taylor et al. 

2015, Gelabert et al. 2016, Rodrigues et al. 2018). 

 

The interaction of geographic distance and mosquito vector as a combination on the genetic 

diversity of Pv can be partially discounted as it was tested negative (or non-positive) in the ANOVA 

tests of variance. Separately they do influence Pv mitochondrial diversity, with IBD present east of 

India and a generally strong correlation between local mosquito vector and mitochondrial genome 

variation. This is the first study that looks at the correspondence of vectors and Pv mitochondrial 

genetics at this scale. It gives a good indication that the presumed connection between vectors and 

Pv genetics, as shown previously in smaller local studies (Joy et al. 2008), is extendable to a global 

level even in non-vector associated mtDNA regions. This agrees with results across the entire 

genome as found by Hupalo et al. (2016), but contrasts in that it is found in non-vector associated 

parts of the genome. 

 

Issues with making correlations with vector related data are: the great diversity in Anopheles 

species, their relatedness and their distribution. In addition, vector species identification is not 

always reliable, which complicates already patchy distribution measures (Sinka et al. 2012). To 

complicate matters further, even when identified, the role of major and minor vectors in regions is 

not well understood. Minor vectors could be the major distributors of anthropomorphic disease, 

whereas major vectors could be more drawn to other animal hosts (Ubalee et al. 2016). An additional 

complication is that even subpopulations within species have been shown to have diversified and 

adapted up to a genetic level to climate, variation in host preference, resting habits, infection rates 

and differentiation in human environment, including changes in human behaviour (Beebe & Cooper 

1999, Govella & Ferguson 2012, Killeen et al. 2017, Thomsen et al. 2017).  
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In sum, which vectors are present, which vectors are the major carriers and distributors of 

anthropomorphic disease, and how vector species are related to each other complicate the 

understanding of differences in species association between vectors from different regions. Besides 

the implications this has for complicating the understanding of the epidemiology and transmission 

of malaria, this makes creating a measure for vector association across regions a very complex task. 

However, the section on vectors in this chapter makes a start with a very simplified attempt that 

compares the number of shared major vector species between sampling regions, and finds strong 

patterning even at this level. In Figure 14 it is shown to be a good fit with Pv clades, and overall a 

much better fit than geographic distance (IBD).  

 

Most notably, this simple start of comparing major vectors with parasite genetics already suggests 

vector species have a major influence on mitochondrial genome distribution of Plasmodium vivax. 

More so than what is currently detected in genes involved in processes within the mosquito host, 

such Pvs47. Though the mitochondrial genome lacks genes directly involved in processes to do 

with the mosquito vector, the compatibility present within similar vector host species has probably 

greatly influenced the genomic patterns seen. The close association of dominant clade types, mainly 

Cellia versus Anopheles (see Table 6), is echoed in the main split in the phylogenetic tree (see 

Figure 4b). Pv mtDNA lineages from East Asia and Island Southeast Asia cluster together, in 

opposition to samples from the rest of the eastern hemisphere. As human movement from Mainland 

Southeast Asia to Melanesia would have passed through Island Southeast Asia, it is expected that 

it would form a medium between the two. The pattern seen does not correspond to this expectation. 

Instead the connection with East Asia puts up an expectation that the current Pv in Island Southeast 

Asia is a later introduction by humans coming from China through Taiwan and the Philippines. The 

connection is emphasised by the samples from Borneo taking up a bridging position between the 

two.  

 

It remains questionable how and when the Island Southeast Asian samples were introduced. 

Assumedly before its introduction Pv forms were present that were related to Mainland Southeast 

Asia and Melanesia. The current form coming from East Asia might have had a closer affinity to 

the Anopheles clade, which is well represented in both regions, and infiltrate to dominant levels 

from that platform. Human migrants have had a similar dynamic. However, the timing of this 

movement for humans and for Pv does not correspond. The estimated age for the most recent 

common ancestor (TMRCA) for ISEA and East Asia Pv falls a factor 10 earlier than that of the 

estimated arrival time of humans from Eastern Asia. In fact, the 73 kya (53 - 108) of ISEA Pv fits 

well around the estimated TMRCA for Mainland Southeast Asia (74 kya, 52 - 104) and Melanesia 

(72 kya, 51 - 97). Even so it is improbable that the current form of Pv in ISEA is originally the 

intermediate form from MSEA and Melanesia that has adapted/evolved in a similar direction as 

East Asian Pv due to vector selection dynamics. With the mtDNA lacking genes involved in 
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mosquito vector interactions, direct selection on mitochondrial genes for the vector species is 

unlikely.  

 

The discord between date and route connections with surrounding regions is something to be looked 

into further in the future, and could point towards issues with either the underlying mathematical 

model or simply a lack of data. The increase of sample numbers has previously improved date 

estimates for many of the regions, including Mainland Southeast Asia and Melanesia. Alternatively, 

the Pv mitochondrial genome might be indicating human migratory movements between regions at 

a much earlier date than other data sources have detected so far. This trend is already shown for the 

Australasian region with the most recent finds of anatomically modern humans in Australia and 

Indonesia pre-dating previous finds, and simultaneously corresponding better with the Pv age 

estimates (Clarkson et al. 2017, Westaway et al. 2017). As this region is of great archaeological and malaria 

epidemiological interest, Chapter 3 will give an in-depth analyses of the human migration dynamics 

associated with the spread of Pv in the Melanesian region. 

 

From the distribution of the genetic diversity in Pv, ancient human migration seems to have played 

a major role in its initial distribution. Subsequently, over time, the interaction between human 

migration and mosquito vector species, both influenced through geographic parameters such as 

climate and distance, appears to have either maintained and enhanced the difference or lessened it. 

The two different dynamics are seen across the two spaces to the east and west of India respectively. 

There is much room to explore the further influence of geographic barriers and connectors, such as 

mountainous regions, deserts, rivers and oceans, on the current distribution of Pv. The influence of 

several of these on the distribution of human populations has been shown by Pagani et al. (2016), 

and is expected to have a similar impact on that of the genetic distribution of Pv.  

 

One factor left out of this overview of genetic variation in Pv mtDNA is selection for resistance by 

anti-malarial drugs. So far mutations on only one gene, cytochrome b (cytb), in the Pf mitochondrial 

genome have been found to play a role in resistance to the anti-malarial drug atovaquone (Fisher et 

al. 2012). For the Pv dataset used in this study, 817 samples had the same nucleotide sequence at this 

locus. Only one had a single synonymous substitution on the very last nucleotide for the sequence 

encoding the quinol oxidation site. As such it seems that the mitochondrial genome is relatively 

free from drug resistance selection mechanisms, at least in direct association. 
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2. 7. OVERALL CONCLUSION 

 

Results indicate that besides each independent factor influencing patterns of distribution, 

interactions are of clear additional interest. There is evidence of the earliest anatomically modern 

human migrations, emerging from Africa over 100.000 years ago, introducing malaria into different 

geographic regions across the eastern hemisphere. Vector species differences and geography either 

maintain and enhance this pattern, or reduce it. Specifically in the east, varying mosquito vector 

species between geographic regions (e.g. Myanmar, China, Melanesia) appear to form a barrier to 

colonisation by new Pv strains. Combined with relatively low levels of human migration, this 

interaction has probably maintained differences in the mtDNA as introduced by ancient human 

migrations. 

 

Further in-depth study is necessary for several of the factors on their own, including the 

development of a stronger framework for vector species representation, as well as the interactions 

of the factors, especially within certain geographic regions such as East Asia. Even so, this chapter 

shows that studying interactions between factors influencing evolution and distribution helps 

explain genetic patterns that cannot be understood in terms of individual causal variables. 
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CHAPTER III 

 

A PARASITE’S PAPUAN PAST:  

AGE AND ORIGIN OF MELANESIAN PLASMODIUM VIVAX MALARIA RECONSTRUCTED FROM 

MITOCHONDRIAL GENETIC PHYLOGENY 

 

“From the day the universe was formed 

Past infinite worlds 

Probably in our past life and in our next lives 

We’ll be together forever” – BTS, DNA 

 

___________________________________________________________ 

 

	
3. 1. INTRODUCTION   

The Melanesian region is well known for the remarkable cultural and genetic diversity of its human 

populations. Globally, the area is also one of the most complex in diversity and transmission of 

malaria. In numerous past elimination efforts across the world, Plasmodium vivax malaria has been 

an especially persistent survivor. P. vivax (Pv) is geographically the most widely distributed human 

malaria species, and exhibits high global genetic diversity. The disease still has a profound impact 

on human populations, ranging from death to stunted opportunity for economic growth, which likely 

extends throughout the human past. However, the origins and drivers of the disease’s diversity and 

distribution are still largely unknown. This lack of knowledge affects estimates of its past and present 

impact, and our understanding of its epidemiology and evolution. It is assumed that much of the 

current distribution and diversity can be attributed to its long evolutionary history and association 

with past human migrations. To explore these assumptions within a smaller but diverse geographical 

setting, this chapter aims to understand the origin and distribution of Pv in and around the complex 

Melanesian region. Accordingly, phylogenetic and population genetic methods were applied to a 

large dataset of global Pv mitochondrial genomes. The results from the genomic analyses presented 

demonstrate that much of the unique mitochondrial genetic diversity of Pv currently found across the 

East Asian, Southeast Asian and Pacific regions is due to its early spread, predating 65,000 years 

ago. The patterns seen in the mitochondrial genome of the parasites across these regions correspond 

with those broadly observed in human mitochondrial and whole genome data, concluding that the 

parasite likely migrated to Melanesia with the earliest anatomically modern humans to move out of 

Africa along a southern coastal route across the Asian continent. 

 

The Melanesian region, reaching from island New Guinea in the west to Fiji in the east, constitutes 

a frontier for the distribution of human malarias. Western Melanesia (New Guinea, Solomon Island 

and Vanuatu) is notorious for the high frequency and pronounced diversity of human malaria 
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parasites and mosquito vectors, whereas Fiji and New Caledonia lack appropriate malaria vectors 

(Belkin 1962) and have thus always been malaria free. Previous studies looking at global diversity of 

the Plasmodium vivax malaria mitochondrial genome (mtDNA) have shown geographic specificity 

and high mtDNA diversity in New Guinean Pv populations (Mu et al. 2005, Jongwutiwes et al. 2005, Miao 

et al. 2012, Taylor et al. 2013). Such a pattern indicates that Pv may have had a long, isolated history in 

Papua New Guinea (PNG). This extensive Papuan past for Pv combined with a diverse and well-

studied human ethnography makes the Melanesian region a strategic choice to investigate Pv’s 

connection with human history. This paper focuses on determining when, and from where, Pv was 

introduced to the Melanesian area.  

 

Current interest in studying the spread of diseases in conjunction with human migratory movements 

in present-day, historic and prehistoric times has yielded a variety of new insights into the past of 

both humans and the disease agents. Amongst other things, such studies have indicated ages of 

certain diseases to be older than first thought (M. tuberculosis: Donoghue 2009, Gagneux 2012, Comas et al. 

2013; H. pylori: Moodley et al. 2012), discovered variations in patterns of genetic adaptation in the disease 

agent (such as variance in virulence; see Pepperell et al. 2013, Comas et al. 2013) and provided new, or 

increasingly fine-scale, insight into human migration patterns (Bos et al. 2011, Moodley et al. 2009, Moodley 

et al. 2012).  

 

Together with its distant relative Plasmodium falciparum, the malaria parasite Pv is still one of the 

main causes of death in low-income countries (2013, WHO). In both the first campaign to eliminate 

malaria in the 1960s and 70s, and the current one, Plasmodium vivax transmission has proven to be 

particularly hard to interrupt (Sattabongkot et al. 2004, Gunawardena et al. 2013, Waltmann et al. 2015, Kittichai et 

al. 2017). This includes elimination efforts across Melanesia. Previous studies looking at genetic 

diversity in malaria parasites have helped monitor the success of recent control and inform the 

strategy of elimination efforts (Abdullah et al. 2013, Noviyanti et al. 2015, Fola et al. 2018). The focus of this 

paper differs in that it seeks to understand the long-term evolutionary dynamics behind the 

distribution of the disease. Knowing the chronology and distribution patterns of Pv creates the 

opportunity to understand the role of past human migratory dynamics in parasite diversity and 

propagation. In addition, insight into these connections can increase understanding of human 

population dynamics, long-term human-parasite-vector interactions and subsequent genetic 

adaptation of each to the other.  

 

One of the main reasons for the failure to eliminate Pv is its ability to create a dormant form infecting 

liver cells. Dormant hypnozoites can remain hidden for weeks to months, up to four years, until they 

are released into the bloodstream and a re-infection occurs (Boyd 1949, White 2011, White et al. 2016). The 

period of dormancy provides the parasite with the opportunity to bridge periods of time, whether 

seasonal or geographic, without its main Anopheles mosquito vector. The occurrence of Pv 

throughout temperate regions such as Finland and northern Russia (Huldén et al. 2005), and other parts 
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of coastal northern Europe up until the 1960s (Boyd 1949, Verhave 2013), was aided by this specific 

adaptation. In short, this trait facilitates both the parasite’s spread and survival, and gives Pv the 

ability to have spread more readily and to sustain itself within smaller host populations than P. 

falciparum (Pf). Studies comparing Pf to Pv at similar transmission, suggest that Pv uses this strategy 

to maintain population fitness (e.g. Jennison et al. 2015, Noviyanti et al. 2015). Though a tougher parasite to 

eliminate and more widespread across the globe, the origin, evolutionary history and biological 

processes of Pv are less well understood than those of Pf.  

 

At this time, studying connections between early human migrations and the spread of malaria is 

facilitated by the recent evidence for Pv African origins dating to before 200,000 years ago (Rayner et 

al. 2011, Culleton et al. 2011, Prugnolle et al. 2013, Liu et al. 2014), increasingly better methods for studying 

phylogeny, and a growing global database of genome sequences. Even so, few in-depth studies have 

been conducted to properly identify sources and timings of Pv introduction into different 

geographical regions, with the exception of a recent study by Rodrigues et al. (2018), which explores 

the origins of South American Pv. By contextualising the origin of Melanesian Pv within a broader 

regional setting, this chapter also sets up the opportunity to start exploring the dynamics behind its 

Asian diversity. The evidence for an African origin of Pv is of special interest, as Asian and Southeast 

Asian regions have long been seen as more likely places of origin, partially due to the large genetic 

diversity presented across the region (Carter & Mendis 2002, Escalante et al. 2005, Mu et al. 2005, Cornejo & 

Escalante 2006, Tachibana et al. 2012) and the presence of the closely related non-human relapsing malaria 

species P. cynomolgi and P. simiovale in Southeast Asian monkeys (Escalante 2005, Jongwutiwes et al. 

2005, Mu et al.  2005).  

 

Melanesia’s high human genetic diversity relates to migrations from two very different human 

populations: the Papuans and Austronesians (e.g. Soares et al. 2016, Montenegro et al. 2016, Skoglund et al. 

2016). Both human populations display genetic adaptations to malaria (Serjeantson et al. 1992, Howes et al. 

2013), indicating long-term exposure, but have very different geographic and historic origins. With 

the Indigenous peoples in Australia, the Papuans are believed to be representatives of the earliest 

waves of anatomically modern human migrants that moved out of Africa. They reached New Guinea 

from around ~65,000 – 45,000 years ago (ya) (Lum 2007, Denham et al. 2009, Gosden 2009, Kirch 2010, Gosden 

2010, Summerhayes et al. 2010, Pagani et al. 2017), following on the expansion from Africa through a 

southern Asian route between at least 75,000 and 62,000 ya (Rasmussen et al. 2011).  

 

During the Palaeolithic, 15,000 – 30,000 ya, contact between Indonesia and continental SE Asia was 

present west of the Wallace line. Human Y-chromosomal genetics indicate a significant split in 

human population structure thought to relate to limited Palaeolithic human movements between Bali 

and Flores, two Indonesian islands divided by the deep ocean trough that makes up the Wallace line. 

Melanesian lineages remain dominant east of Flores while western Y-chromosomes relate more to 

mainland Asia. More recent Neolithic human migrants such as the Austronesians appear to have had 
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a limited impact on the paternal gene pool in West and Central Indonesia, despite large cultural 

impacts (Karafet et al. 2010). Around 9.000 ya, a sea-level rise increased distances between the Eurasian 

Sahel and the Australo-Melanesian Sunda continents (Chappell 1993). This effectively isolated the 

Papuan and Aboriginal Australian populations from the rest of the world. 

 

The second great movement of modern humans in the area, which reached Melanesia, was the arrival 

of the Austronesians from ~6,000 – 3,500 ya (Skoglund et al. 2016, Montenegro et al. 2016). This migration 

event is generally called the Austronesian movement, and the Austronesian settlers reached all the 

way to New Zealand and Hawaii in the Pacific, and Madagascar across the Indian Ocean. Though 

Austronesian genetic and linguistic origins remain a much-debated topic, they are often linked to 

ancient tribes in Taiwan (Friedlander et al. 2008, Moodley et al. 2009, Rasmussen et al. 2011, Skoglund et al. 2016, 

Montenegro et al. 2016). Archaeologists, anthropologists and geneticists have studied the movements of 

the Austronesian population around the Indo-Pacific extensively through disciplines as varied as 

linguistics (Tryon 1995, Kirch 2010), human genetics (Friedlaender et al. 2008, Vilar et al. 2008, Soares et al. 2016, 

Skoglund et al. 2016), commensal species genetics (overviews: Matisoo-Smith 2009; pigs: Larson et al. 2007, 

Dobney et al. 2008; chickens: Storey et al. 2007, 2012; rats: Matisoo-Smith & Robins 2004; rice: Donohue & Denham 

2010, Blench 2011), human gut bacteria genetics (Moodley et al. 2009), pottery (see chapters in: Sheppard et al. 

2009) and stone tools (Groube et al. 1986, Evans & Mountain 2005, Specht 2005). Conclusions tend to vary 

depending on the reference data used and the group interpreting it, but the general consensus is that 

the large-scale patterns of distribution and past human population connectivity broadly follow the 

two migrations as presented above.  

 

The precise origin, movement and time of emergence for the Austronesian people has been under 

debate for decades. Opinions are divided between local emergence in the Indonesian region versus 

movement from the Taiwanese area through the Philippines; and a slow movement model with 

admixing migrant and local populations versus a fast model without much initial contact; and any set 

of different combinations of the models. Four recent publications (Lipson et al. 2014, Soares et al. 2016, 

Montenegro et al. 2016, Skoglund et al. 2016) confirm the generally more accepted northern Taiwanese 

origin of Austronesians in the Melanesian region. Skoglund et al. and Montenegro et al. prescribe a 

rapid colonisation of Melanesia and Micronesia, at least up to the Bismarcks (Montenegro et al. 2016), 

without much initial interaction with the earlier settlers1. Lipson et al. and Soares et al. support an 

early Austronesian entry (~10 kya) to ISEA laying the basis of Austronesian genetics, and a later (4 

kya) re-entry that spread much wider aided by the earlier population. All four papers support the 

	
1 Montenegro and colleagues model routes of dispersal based on climatic and oceanographic data, Skoglund et al. find evidence for the 
widely accepted “Express Train to Polynesia” model (e.g. Kirch 2010, and related option of the ‘leapfrog model’ presented by Sheppard, 
2011) in ancient genomes from Vanuatu and Tonga. Skoglund suggests that though Austronesians were the first to settle the Pacific east 
of New Ireland, there was substantial movement later by both Austronesian and Papuan populations that led to the presence of Papuan 
populations, especially men, further into the Remote Pacific region. Soares et al. show genetic evidence for a much earlier, 6-10 kya, 
expansion of first migrants out of Taiwan, with smaller migrations later on bringing the Austronesian languages and cultures.  
Montenegro shows that oceanographic and climatic models accommodate theories of fast movement over long distances. 
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mixing of culture and movement of Austronesians and Papuans in the Melanesian region after initial 

settlement. 

 

By the time the first Europeans arrived in the 16th century, malaria was already prevalent. It took its 

toll, amongst others, on the Spanish explorer Mendaña, the first European to reach the Solomon 

Islands. As malaria is most likely to travel within infected humans and its presence in Melanesia 

appears to go back at least several thousands of years, it is probable that the Papuans, the 

Austronesians, or both, brought the parasite with them. Both populations show a wide range of 

genetic adaptations to malaria that indicate long-term exposure. Type and occurrence of these vary 

to great extent across the region. These adaptations specifically include Duffy heterozygosity 

(Zimmerman et al. 1999) and Gerbich-negative blood group (Serjeantson et al. 1992, Bellwood et al. 1995) in 

Papuan populations, and Southeast Asian Ovalocytosis (SAO) originating from Austronesian 

populations (Tsukahara et al. 2006). More generally the genetic adaptations present across Melanesia 

cover a large range of unique glucose-6-phosphate dehydrogenase (G6PD) mutations (Howes et al. 

2013) and alpha- & beta-thalassaemia modifications (Serjeantson et al. 1992, Kaneko et al. 1998, Müller et al. 

2003). Interestingly, several of these adaptations seem to provide protection predominantly against Pv 

malaria. 

 

With the phylogenetic analyses of the Pv mitochondrial genome, this chapter explores the origins 

and the age of Pv in Melanesia and how it connects to Pv in surrounding parts of Asia. It confirms 

previous indications that the parasites brought to Melanesia are relatively old (Jongwutiwes et al. 2005, 

Mu et al. 2005, Taylor et al. 2013), and finds that Pv was an early introduction from Papuan migrants 

coming through Southeast Asia. In addition, the possible origins of the very different Pv strains found 

in neighbouring Island Southeast Asia are addressed, for the first time. Unlike the Melanesian Pv, 

Island Southeast Asian Pv appears to have originated from an early East Asian, possibly 

Austronesian, migration into the region. However, the origin and age of these parasites do not readily 

correspond with any of the known human histories of the region, confirming there are still many 

unknowns to the complex past of humans and disease in this region.  
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3. 2. METHODS 

 

Samples were sequenced from previously obtained infected human blood, sampled for 

epidemiological and population genetic studies, across sites in Papua New Guinea (PNG), the 

Solomon Islands (SOI) and Vanuatu (VAN), as published in Arnott et al. (2014), Koepfli et al. (2012, 

2013, 2015) and Waltmann et al. (2015). These samples intersected both culturally and genetically with 

Papuan and Austronesian populations. An overview of samples and associated ethnographical data 

for all samples with known geographic locations across Melanesia can be found in Appendix S3.2. 

The following projects provided infected blood samples: PNG: cross-sectional surveys in 2005/06 

(Senn et al. 2012, Arnott et al. 2013, Jennison et al. 2015), PNG & Solomon Is: in-vivo drug efficacy studies 

2003/04 (Koepfli et al. 2012, 2013), Solomon Is: cross-sectional survey in 2012 (Waltmann et al. 2015), 

Vanuatu: in-vivo drug trial 2013 (unpublished). Each project was carried out with local governmental 

and ethical permissions, from The National Health Research & Ethics Committee (NHREC) of the 

Government of Papua New Guinea Medical Research Advisory Committee, National Department of 

Health, Papua New Guinea; Ministry of Health & Medical Services, Solomon Islands; the Directorate 

of Public Health, Vanuatu; WPRO-ERC (WHO); and institute Human Ethics Committees at WEHI, 

Basel TPH and Menzies. Human ethics permission for the research presented here was obtained from 

the Walter & Eliza Hall Institute’s (WEHI) human research ethics committee (HREC) in Melbourne, 

Australia, under WEHI-HREC project number 14/14. Ethics approval from the University of 

Oxford’s Central University Research Ethics Committee (CUREC) will be applied for in the near 

future.  

 

DNA from these samples was purified across several different labs with varying methods, but 

included extractions with QIAamp DNA Blood Mini Kits (Qiagen, Valencia, CA), processed 

according to the manufacturer’s instructions. As it is unknown what kits were used for all the 

different extractions, the process should not have influenced the results of the PCR, apart from failure 

to amplify if DNA was low quality. Genotyping of highly variable nuclear size polymorphic markers 

(including: MSP2, MS8, MS16, MS20, Pv3.27) and merozoite surface protein 1 (msp1F3) identified 

single-clone infections. From these, mitochondrial genomes were sequenced (n=150, from PNG, 

VAN & SOI), according to a modified two-fragment PCR protocol based on that by Culleton et al. 

(2011). The PCR amplifications of 3 and 3.5kb were accomplished with Roche High Fidelity Fast 

Start enzyme (Roche Diagnostics AG, Switzerland), according to the provided Roche protocol for 

long amplifications: 2 min at 94° C, 10 cycles of 30 sec at 94° C, 1 min at an optimised annealing 

temperature of 61° C, 3.5 min at 68° C, and then 30 cycles adding 20 sec to the extension time per 

cycle. Final concentrations of the reaction included 1x buffer with MgCl, as provided by Roche, 

0.25mM dNTPs, 2.0U enzyme, and 0.5uM of each primer. See Appendices S3.1.1 & S3.1.2 for 

precise protocol and primer details. PCR products were then Sanger sequenced at a commercial 

facility using an Applied Biosystems 3730xl platform. Primers used for PCR and sequencing 

(Appendix S3.1.3) were designed in-house, many based extensively on Culleton et al. (2011). 
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Sanger sequencing results were aligned in Geneious v8.0.4 to a consensus sequence generated from 

all Pv whole mitochondrial genome sequences available on Genbank (see Appendix S3.8). Though 

the Sal1 reference strain is usually used for alignment, the generated reference sequence gives a better 

indication of the direction of haplotype diversity from the start. Checking for erroneous calls using 

the reference sequence as a guide meant all base pairs were compared to those most commonly found 

globally, instead of against a single reference strain. The sequenced genomes were manually checked 

and conservatively edited, in accordance with the original sequencing chromatograms. A few 

ambiguous calls were noted (1-2 in <10% of sequences), where two nucleotides were equally or close 

to equally present in repeated sequencing efforts. These were then called towards the consensus of 

similar sequences, or towards the consensus sequence if similar sequence options were not available. 

As a result true diversity was possibly underestimated. Generated data (n= 149) were further 

increased and aligned with samples from around Melanesia, East- and Southeast Asia (n=358, all 

regions in Table 1) from previously published papers, as made accessible on Genbank. See Table 1 

for references, and Figure 1 (map generated in QGIS) for sample site locations.  

 

Figure 1 
Sample sites across East Asia, Southeast Asia and Melanesia. Yellow stars indicate sample sites (approximated for those references with country 
or province indications); country of sample origin coloured according to the key. Sample numbers from each country given behind the key. The 
dotted line indicates the location of the Wallace line.  
Note that PNG denotes all of island New Guinea, the Bismarck’s, New Ireland, New Britain and surrounding smaller islands. Samples from these 
regions would be grouped together geographically due to their connected human pasts. 
*New samples from this publication. 
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After alignment of all 507 sequences, around 90bp were removed from the end (bp 5847-5991, see 

S3.8). The removed sequence was missing in several previously published sequences, and did not 

show any variation in any of the other sequences used. In addition, all gaps due to varying string 

lengths of single nucleotides were removed. This decision was made due to the high likelihood of 

both sequencing and DNA replication errors in such areas, making them unsuitable for phylogenetic 

inference. In addition, incorporating insertions and deletions (indels) into substitution models is 

problematic with the current version of the BEAST2 (Bouckaert et al. 2014) software employed. 

 
 

Table 1 
Sample site locations and sample sizes of P. vivax across East & Southeast Asia and Melanesia. Italic & starred samples are new data from this 
thesis; others were sourced on Genbank from referenced publications. 

Region 	Country 	n Geogroup 	Published Genbank	Accession	Numbers

Melanesia Subtotal 222

Papua	New	Guinea 60 PNG Mu	et	al. 	2005,	Jungwutiwes	et	al. 	2005 AY791631-89;	AY598119
Papua	New	Guinea* 129 PNG This	paper N/A

Solomon	Islands 4 MIS Mu	et	al. 	2005,	Jungwutiwes	et	al. 	2005,	
Miao	et	al. 	2012

AY791564;	AY598116-8;	XA_SOI1

Solomon	Islands* 17 MIS This	paper N/A

Vanuatu 7 MIS Mu	et	al. 	2005 AY791561,	AY791565-6,	AY791568-70,	
AY791574

Vanuatu* 3 MIS This	paper N/A

Melanesia	Unk. 2 PNG Mu	et	al. 	2005 AY791690,	AY791692

Island	SE	Asia Subtotal 51

Indonesia	(non-Papua) 45 ISEA
Mu	et	al. 	2005,	Jungwutiwes	et	al. 	2005,	
Taylor	et	al. 	2013

AY791562-3,	AY791567,	AY791572,	
AY791576-80,	AY791582;	AY791552;	
AY598098-108;	KC330533-57

Borneo 4 ISEA Mu	et	al. 	2005,	Cox-Singh	et	al. 	2006 AY791555;	DQ396547-49
Philippines 1 ISEA Mu	et	al. 	2005 AY791571
Timor 1 ISEA Mu	et	al. 	2005 AY791573

Mainland	SE	Asia Subtotal 122

Thailand 44 MSEA Mu	et	al. 	2005,	Jungwutiwes	et	al. 	2005 AY791556,	AY791558-60,	AY791583;	
AY598035-73

Cambodia 19 MSEA Taylor	et	al.	2013 KC330514-32
Cambodia 43 MSEA Pearson	et	al.	2016 Personal
Vietnam 9 MSEA Mu	et	al. 	2005,	Jungwutiwes	et	al. 	2005 AY791581,	AY791584;	AY598121-7
Vietnam 7 MSEA Pearson	et	al.	2016 Personal

South	China Subtotal 59

China	(South) 12 CHSTH Jungwutiwes	et	al.	2005 AY598128-39
China	(Guizhou) 25 CHIN Miao	et	al. 	2012 JQ240370-95
China	(Guangxi) 18 CHSTH Mu	et	al. 	2005 AY791588-605
China	(Yunnan) 3 CHSTH Mu	et	al. 	2005 AY791585-7
China	(Hainan) 1 CHSTH Mu	et	al. 	2005 AY791606

NE	Asia Subtotal 70

Korea 34 NEA Mu	et	al. 	2005,	Iwagami	et	al. 	2010,	
Miao	et	al. 	2012,	Taylor	et	al.	2013

AY791554;	AB550270-80;	JQ240367-9,	
JQ240397-8;	KC330497-513	

China	(Anhui) 36 CHIN Miao	et	al. 	2012 JQ240331-66

Myanmar Subtotal 32

Myanmar 32 MMR Miao	et	al. 	2012 JQ240396-429

Madagascar Subtotal 66

66 MAD Culleton	et	al. 	2011,	Taylor	et	al. 	2013 JN788738-62;	KC330465-80;	KC30440-64

TOTAL 507
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To test for human heritage related differences, mitochondrial sequences from known sites across 

Melanesia were separated into Papuan (Pap: 93), Austronesian (Aus: 42) or dual (Both: 22) heritage, 

based on the linguistic heritage of the sample sites, as seen in S2. To determine the degree of 

differentiation and contact, KST
* and NM values were calculated with dnasp5 (Rozas & Rozas 1995, Rozas 

et al. 2003).  

 

The expanded dataset of all obtained Pv mitochondrial sequences from sample sites across the 

Pacific, East and Southeast Asia were grouped according to geographical regions, as shown in Table 

1. These groups were used for analysing population dynamics and phylogenetic relationships. 

Diversity values (intraregional haplotype diversity: Hd, intraregional neutrality test: Tajima’s D, 

interregional population differentiation: KST
*) were calculated for each region in dnasp5 (Rozas & 

Rozas 1995, Rozas et al. 2003); the results are shown in Appendices S3.5.1 & S3.5.2.  

 

To better understand and visualise the geographic distribution between the different mitochondrial 

genomes, R (ade4) was used to generate a principle component analyses (PCA), as shown in Figure 

3b. For the PCA extra data from Madagascar was included. This was done to include a central focal 

point representing the African-South Asian haplotypes, to which the Malagasy Pv belongs (Taylor et 

al. 2013, Culleton et al. 2011, also see Chapter 2), and to affirm that Malagasy Pv is indeed not part of an 

Austronesian introduction from East Asia. Network 4.6.1.3 (Fluxus-Engineering 2015) was used to create 

a median joining haplotype network using the neighbour joining method (Bandelt et al. 1999) from all 

506 Pv mitochondrial genome sequences across East Asian & Pacific region, without star 

contractions.  

	
Phylogenetic relationships were estimated using a Bayesian Markov Chain Monte Carlo framework 

in BEASTv2.1.3 and Tracer v1.6 (Rambaut et al. 2014; see S3). For the main model settings, a Coalescent 

Bayesian Skyline study model, HKY (Hasegawa et al. 1985) substitution model and strict clock branch 

rate model were used, with no variance across sites (gamma) and high estimated rate of base pair 

invariance (I). See Table S3 for further details. The Skyline plot estimating population size over time 

was produced from the Bayesian run, using BEASTv2.1.3 (see Appendix S3.4). 

 

Clock rate was first test-run with a relaxed clock log-normal setting, starting at 0.004 substitutions 

per million years, the average rate estimate from previous publications (see Comas et al. 2013: 0.00189-

0.00600 & 0.00211-0.00601, Cornejo & Escalante 2006: 0.0032–0.0043, Mu et al. 2005: 0.0045–0.0056, Jongwutiwes et 

al. 2005: 0.0026–0.0036 substitutions per site per million years). Both Comas et al. (2013) and Mu et al. (2005) 

calculated their rates by calibrating a divergence time of 6-14.2 Ma (Pacheco et al. 2012) between a clade 

of P. gonderi and Plasmodium sp. from mandrills, with Pv and its nine closest Asian Plasmodium 

sp. relatives. In addition, Comas et al. calculated rates using one mitochondrial genome from each 

of the eleven species in a birth-death model in BEAST. Jongwutiwes et al. (2005) calibrated rates to 

Pf and P. reichenowi host divergence dates, human and chimpanzee respectively, with P. knowlesi 
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and Pv as outgroups, and using strong evidence for constant clock rates. These are currently still the 

standards for calculating the Plasmodium mitochondrial genome clock rate, and so the decision was 

made to use a similar rate in this paper as the starting estimate for the molecular clock, without the 

need for repeating the same calibration methods. All test runs with a relaxed clock lognormal model 

ended up with a median speed of ~0.0044 sub/site/Ma, with a 95% interval ranging from around 

0.0041-0.0047sub/site/Ma. The rate of 0.0044 sub/site/Ma was consequently used as the strict clock 

rate in BEAST2. 

 

Another model was run to estimate a broad indication of mutation rates necessary for Melanesian Pv 

given a Papuan (clade age range estimate set at: 44.8 kya, 95% HPD: 29.7–59.2 kya) vs. Austronesian (clade age 

range estimate set at: 6.0 kya, 95% HPD: 3.3–9.0 kya) origin for the Melanesian phylogenetic branches as 

determined in earlier runs. This was done to double check the interval for sensible mutation rates that 

might overlap with either of these migrations. See Appendix S3.4 for run settings.  

 

Two other analyses were conducted to study the variation and relationships between the genetic 

samples. Both a general principle component analyses (PCA – using R packages: genind, ade4, adegenet 

(Jombart et al. 2010)), and the discriminant analyses of principle components (DAPC, – using R packages: 

genind, adegenet (Jombart et al. 2010)).  
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3. 3. RESULTS 

 

Along the ~5900bp length of the Pv mtDNA, 182 mutations over 173 sites were identified, most of 

these (117) being singletons. 116 mutations were found in coding regions, of which 68 were non-

synonymous. This compares similarly to the variation seen on the Pf mt genome (Preston et al. 2014).  

 

For the Melanesian region, there is no clear differentiation between samples from Austronesian and 

Papuan sites, divided according to human linguistic and genetic data, as found in Table S2. Low KST
* 

values (Aus-Pap: 0.023, Aus-Both: 0.014, Pap-Both: 0.001). Additionally, high migration estimates, NM (Aus-

Pap: 22.88, Aus-Both: 11.03, Pap-Both: 77.18) were measured between them. In the phylogenetic tree and 

PCA for the Eastern Asian & Pacific, all the Melanesian haplotypes are closely related, as shown in 

Figure 3, indicating a single origin. Time related approximations using BEAST for the timing of an 

Austronesian versus a Papuan introduction resulted in median mutation rate estimates of 4.3972E-8 

(95% HPD: 2.3278E-8 – 7.6053E-8) and 5.993E-9 (95% HPD: 3.7696E-9 – 9.1065E-9) respectively. This 

indicates a Papuan introduction fits within current mutation rate estimates. Further implications of 

these results are discussed later in this section. 

 

 
 

Geography
CAMBODIA
PNG
KOREA
BORNEO
MYANMAR
THAILAND
CHINANE
CHINAS
INDONESIA
MELUNK
SOLOMON ISLANDS
VIETNAM
PHILIPPINES
VANUATU

Figure 2 
Median joining haplotype network of East Asian, Southeast Asian and Melanesian P. vivax mitochondrial genome sequences. Each circle 
represents a different haplotype, each colour the region from which a sample originates. Sizes of the nodes indicate the number of samples per 
haplotype. Each connection represents a mutational step. Produced in Network 4.6.1.3. Network of 506 samples, all indels removed from 
sequences. No star contractions.  
Colouring according to legend, by region: PNG: dark blue; SOI: grey blue; VAN: light blue; Melanesia Unknown (Melunk): blue black; Thailand: 
bright orange; Cambodia: light orange; Vietnam: pale cream; Indonesia: dark green; Borneo: bright green; Philippines: light green; Southern 
China: Light Pink; NE China: Dark Pink; Korea: Red; Myanmar: Brown.  
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Across the six broader geographic regions (as seen in Table 1) the haplotype network in Figure 2, 

and the haplotype diversity estimates (Hd, MEL: 0.87; ISEA: 0.91; MSEA: 0.96; MMR: 0.89; SCh: 0.90; NEA: 

0.87) show that all countries and regions have high haplotype diversity. These results are similar to 

those previously observed by Taylor et al. (2013) (see Appendix S3.5.1). Almost all geographic regions 

show a radial formation of numerous single haplotypes around a main haplotype. This constellation-

like structure is a sign of increased diversity due to population growth. Population growth is also 

supported by the negative Tajima’s D values indicating an excess of rare single nucleotide 

polymorphisms (SNPs) (Appendix S3.5.1), and by the Bayesian Skyline Plot (Appendix S3.4) that 

shows population growth across the entire region over time.  

 

Figure 3  
(3a) Regional division and colour coding of samples by geographic origin. 
(3b) Principle components analyses of the whole mitochondrial genome of the Plasmodium vivax samples across three axes (x, y, z are PCA1, 
PCA2, PCA3 respectively). Coloured according to geographic origin as seen in 3a, with the addition of samples originating from Madagascar 
(mustard yellow), and all Island Southeast Asian samples are coloured light green. Clear geographical clusters have been circled in approximation 
of their limits within the graph. 
(3c) Bayesian MCC tree estimated from 506 mitochondrial sequences, unrooted, no outgroup, times from GTR + I sites model with strict clock at 
0.0044 substitutions per million years (S3.3 1a). 2x 750 000 000 runs, sampled every 10 000, maximum sum of clade credibility consensus tree with 
common ancestor node heights. Simplified model used for tree layout was S3.3 2b. For a linearised tree with posterior probability values, see 
Appendix S3.6.1. 
Colour according to region: Melanesia: Blue (Van and SOI light blue); Mainland SE Asia: Orange; Island SE Asia: Green (Indonesia light green, 
Borneo dark green); South China: Light Pink; NE China: Dark Pink; Korea: Red; Myanmar: Brown; Madagascar (PCA only): Mustard Yellow. 

20.000 
years	

A:	169k	
[98-263k]	

D:	105k	
[51-154k]			

C:	64k	
[44-96k]		

B:	94k	
[49-125]		

E:	84k	
[46-122k]		

F:	66k	
[33-90k]			

3a 3b 
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Strong regional patterning, found in the haplotype network, PCA, Bayesian phylogenetic tree and 

DAPC (Figure 2, Figure 3b & 3c, Figure 4 respectively), indicates evolution in isolation for many 

pockets of Pv across the Pacific, East and Southeast Asia. The length of this isolation depends on the 

Figure 4 
DAPC clusters for the samples across the East Asian & Pacific region.  
(4a): The four main clusters recognised by the DAPC analyses. Groups have been coloured according to the main geographical regions of origin for 
the samples represented. Group 1 contains mainly Northern Chinese samples; Group 2 contains mainly samples from Island SE Asia, Southern 
China and Korea; Group 3 contains almost all Melanesian samples; Group 4 contains the samples from Myanmar, Mainland SE Asia, and the 
remaining samples from across East Asia (China & Korea). 
(4b), (4c):  Principle components analyses of the whole mitochondrial genome of the Plasmodium vivax samples for the three main eigenvalues. 4b: 
axes 1 & 2. 4c: axes 1 & 3. Samples have been coloured and clustered according to the region they were originally sampled in. 
Colour according to region: Melanesia: Blue (Van and SOI light blue); Mainland SE Asia: Orange; Island SE Asia: Green (Indonesia light green, 
Borneo dark green); South China: Light Pink; NE China: Dark Pink; Korea: Red; Myanmar: Brown. 
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time taken to evolve, and with a simplification of current estimates of mt genome evolution rates 

(~0.0044 sub/mya/site) the time of isolation can range from 0 – 44,000 years for each mutation on 

the genome. As most regions have a genetic signature that varies one or two mutations from their 

closest related region, the time of evolution between nearest neighbours lies an estimated 44 - 88 ky 

apart. It follows that the distinct Melanesian lineages, and their diversity, indicate a long and isolated 

past of Pv in Melanesia. This is confirmed by the phylogenetic data, where the estimated time to the 

most recent common ancestor of the Melanesian lineage falls around 65 kya (see Figure 3; 32-121 

kya 95% HPD), which corresponds with the earliest time that anatomically modern humans, Homo 

sapiens, are thought to have reached New Guinea. In addition, Pv diversification intensifies from just 

under 30 kya, indicating a growing population. Atkinson et al. (2008) observed human population 

growth in New Guinea around this time, based on similar methods using the human genome. 

Atkinson links agricultural development to the increase in human population size, and the increase 

in human host numbers could have instigated significant growth in the Pv population. 

 

The interpopulation KST* values reported in S3.5.2, the PCA in Figure 3b and the phylogenetic tree 

in Figure 3c, show that Melanesian Pv is most similar to those of Mainland Southeast Asia (MSE 

Asia) and Myanmar, much more so than to its geographic neighbour, Island Southeast Asia (ISE 

Asia). Both the PCA and the phylogenetic tree show a diversification of two broad groups in different 

directions from a central axis. The two groups fall broadly into: East Asia/Island Southeast Asia, and 

Myanmar/Mainland Southeast Asia/Melanesia. The PCA central axis is made up of South Asian – 

African haplotypes, denoted by Madagascar here (for relationship between Madagascar, South Asia and Africa 

see Chapter 2, and papers by Jongwutiwes et al. 2005, Miao et al. 2012, Taylor et al. 2013, Rodrigues et al. 2014). From 

the central axis there is a clear movement into Myanmar, and consecutive movement into both 

mainland Southeast Asia and Melanesia, along separate axes. In the second group, direction of 

migration is less clear with the northeast China (Anhui) cluster seeming closest to the central Africa-

South Asia axis, but the South China and Korea distributions are not very strong and spread across 

the group. Also, in the PCA in Figure 3b, island Southeast Asia does not appear to clearly branch off 

another region, but appears to be closest to northeast China, to which it runs parallel. However, 

according to the DAPC in Figure 4, island Southeast Asia clusters with several samples from 

southern China and mainland Southeast Asia, showing a regional connection with all neighbours 

except for Melanesia.  

 

The Pv mt genomes from the three most southern provinces in South China (Guangxi, Yunnan & 

Hainan), with Korea, fall into at least three sets of varying regional haplotype groups that fit into the 

broader network in different locations. This can be clearly seen in the DAPC results in Figure 4, 

where a significant number of samples from these regions are contained in groups 2 and 4.  The 

pattern indicates that this region has seen greater population movement involving Pv than most of 

the other, more clearly defined, East Asian regions. As many of the haplotypes have their own distinct 

diversification patterns and are unique to the region, the population movements involved in their 
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distribution could be of an older age. There is also evidence for more recent movement of Pv strains 

to Southern China by modern human migration importing single haplotypes from MSE Asia, ISE 

Asia and Myanmar. The Chinese provinces of Guizhou (most Northern province in light pink) and 

Anhui (dark pink), found further inland, each have their own, neighbouring, distinct haplotypes, as 

seen in the top-left of Figure 3b & c. These patterns, and the ones discussed below, can be seen more 

clearly in Figure 5, which shows the haplotype group that each sample belongs to. The map and pie 

charts once again show the strong geographical stratification of the Pv mitochondrial genome, with 

only Southern China and northeast Asia (Korea), displaying a mixed set of regional haplotypes. 

 

 
 

Only two Melanesian-like haplotypes have been sampled in other geographic regions, namely one 

from Indonesia (non-New Guinea) and one from the Philippines. These are likely to have been 

exports from PNG, or Indonesian provinces on New Guinea; the numbers of exported Melanesian 

strains are low and movement of people in and out of PNG has only become common in the last 200 

years. Timber labourers from Indonesia and Filipino professionals are commonly found in PNG, 

indicating the presence and possible infection of these nationalities. In addition, a handful of SE 

Asian, both Mainland and Island, haplotypes have been introduced to the Melanesian region. These 

are likely recent introductions from modern-day labourers and migrants, as the haplotypes are 
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Figure 5  
Sample locations and haplogroup association (4a). Representation of P. vivax mitochondrial haplotypes as found on the tree in figure 3, coloured 
according to the legend and grouped per geographical region in the pie charts. Sample numbers per region are given in the pie charts (4b). 
Geographical regions are as given in Table 1: 
Colouring according to legend, by haplogroup association: BOR: Borneo; CEA: Central East Asia; EAS1, 2: East Asia 1, 2; IOC1, 2: Indian Ocean 
1, 2; ISEA: Island Southeast Asia; MEL1, 2, 3: Melanesia 1, 2, 3; MMR: Myanmar; MSEA: Mainland Southeast Asia. 
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restricted in number and show little diversity. Most of these isolates have haplotypes similar to those 

from Indonesia, Thailand and Myanmar. Again, timber labourers were brought from Indonesia to 

PNG in the last two decades and are known to have been infected heavily with malaria whilst there 

(Baird et al. 2003). Going further back, German colonists brought Malay plantation labourers to PNG 

in the early 19th century. As observed by Koch during his expeditions to this area in the late 1800s, 

many of these labourers as well as Chinese immigrants were susceptible to malaria whilst working 

on the plantations (Koch 1900 referenced in Stanisic et al. 2010). These migrants could have been sources of 

parasite migration to and from PNG.  

 

Within the Melanesian region it is notable that there is no variation found in Pv strains in Vanuatu, 

besides one sample that appears to originate from China. Sampling numbers are low, but large 

enough to observe variation; if diversity were as high as that observed across all other geographic 

locations. This could indicate that Vanuatu was more recently infected from a single location, or 

limited number of locations, in PNG or SOI. Sampling was extensive enough to pick up an introduced 

strain from China. However, its low variation could be influenced by its placement at the end of the 

range of malaria transmission, with a relatively smaller number of infected migration events 

occurring from a limited number of neighbouring sources, and an already low transmission causing 

loss of diversity. The Solomon Islands, on the other hand, appear to have a set of unique local Pv 

variants, indicating that these islands might have been infected early enough to develop a regional 

signature, or at least have been exposed to several introductions. 

 

A final observation from the PCA and phylogenetic tree in Figure 3 is that ISE Asia and MSE Asia 

each cluster strongly on their own, and at opposite ends to each other. Mainland SE Asia is more 

closely related to Melanesia, whilst Melanesia’s neighbour Island SE Asia is more closely related to 

East Asia. This pattern strongly suggests that there were two routes of Pv introduction into the 

western Pacific. There is one small branch off the East Asian/Korean clade that contains two distinct 

Malaysian Borneo samples, a region that may be of interest for exploring the routes that connect ISE 

Asia and East Asia. 

 

The strong geographical stratification of the mtDNA sequences aids in illuminating past connections 

between populations and estimating the broad time frame of isolation. To compare the age of Pv in 

Melanesia with that of modern humans and their migration patterns and activities, a time-line was 

constructed (Figure 6), which includes genetic data from lineage ages of humans, early diseases 

(Helicobacter pylorii, Mycobacterium tuberculosis) and a Pv age estimate for the region from Taylor 

et al. (2013). Data from archaeological sites identifying human presence around Melanesia are also 

included. The graph shows that there is a clear correspondence in the estimated time of Pv emergence 

in Melanesia with the presence of Papuans in Melanesia. The estimated median mutation rate of 

5.993E-9 (95% HPD: 3.7696E-9 – 9.1065E-9) for a Papuan time of introduction, as shown in the blue 

normal distribution in Figure 6, is much closer to the one calculated through lineage tracing than the 
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one calculated for an Austronesian time of introduction, which is a factor ten off at 4.3972E-8 (95% 

HPD: 2.3278E-8 – 7.6053E-8, red normal distribution). Currently, all evidence points towards Pv malaria 

having spread to Melanesia, and across Asia, with the earliest known modern human migrants. 



	
99 

3. 4. DISCUSSION 

 

Studies involving whole genome sequencing have the potential to provide a comparison of movement 

and evolution across all time periods, if mitochondrial, apicoplast and nuclear genomes are used 

together to highlight the underlying past behind the diversity of Pv.  Such work has as yet to be done, 

with the result that the dataset for such an analysis is currently much smaller than the wealth of 

information available for each genome independently from much larger datasets. 

 

Previous papers have shown high genetic diversity in Pv microsatellite markers (MS), with little or 

no structure at the local scale in Papua New Guinea (Koepfli et al. 2013, Jennison et al. 2015). However, on 

a larger geographic scale, MS show strong global structuring including regional fingerprints in 

Melanesia (Koepfli et al. 2015, Fola et al. 2018, Waltmann et al. 2018). Recent genome-wide SNP data also 

show strong regional structuring on a global scale (Pearson et al. 2016, Hupalo et al. 2016). 

 

The nuclear genome itself is unsuitable for studying phylogenetics over long periods of time as it has 

unusually high recombination rates (Hartl et al. 2002, Hartl 2004). Both Hartl (2004) and Koepfli et al. 

(2015) argue that the use of mitochondrial genome might give enhanced resolution for regional 

signatures, where that of the nucleotide genome is too variable or fragmented. Strong regional 

signatures for Pv mitochondrial DNA have previously been indicated by Rodrigues et al. (2014). The 

decision to work with mtDNA was based on the strength of using mtDNA to inform long-term Pv 

phylogeny, as well as the availability of an extensive global database of mtDNA sequences which 

would add to the breadth of understanding global movement of Pv. A further comparison and 

discussion of the different uses of different parts and sizes of the genome is given in Chapter 4. 

 

The data presented here confirm that mtDNA displays strong regional fingerprints. For regional 

patterns to show strongly in mtDNA, isolation of populations is necessary for long periods of time. 

Sustaining these patterns for thousands of years requires no or limited introductions of new strains 

of Pv, as is generally observed in the data. There are some strains present in Papua New Guinea that 

clearly have a SE Asian origin, yet most of these match known modern (<200 years) migration 

patterns.  

 

Broadly, the phylogenies created by the BEAST tree correspond in some degree with previous 

phylogenies and age estimates for Pv (Culleton et al. 2011, Miao et al. 2012, Taylor et al. 2013). The 

comparison with human presence, disease and archaeological dates shows that the timing of Pv entry 

into the region corresponds with the earliest known humans entering the area (see Figure 6). This 

means there is strong support for Pv migrating along with the earliest modern human migrants, and 

thus being a Papuan introduction. 
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A Papuan introduction is also confirmed by the observation that Melanesian Pv is more closely 

related to Pv from Mainland Southeast Asia and Myanmar, corresponding to the southerly Asian 

route of first human migration into Melanesia. In order to be introduced by the Austronesians, the 

closest relatives would come from Eastern Asia, as this is the generally recognised place of origin 

for the Austronesians (Lipson et al. 2014, Soares et al. 2016). Moreover, the mutation rate would have to 

be more than ten times faster (~4.4E-9 versus ~4.4E-8) to correspond with an Austronesian introduction. 

Such a rate does not fall within any current estimation for the Plasmodium mitochondrial genome 

mutation rate over the long term (Ricklefs & Outlaw 2012, Bensch et al. 2013), and is especially high when 

including the assumption of front-loading, where mutation rate estimates in the present are much 

higher than when they are extrapolated over time. Dynamics such as strong purifying selection on 

the mtDNA (Ho & Shapiro 2011) decrease variation over the long term. Consequently, mutation rates 

estimated over the long term should be lower than those observed to occur over a short period of 

time. 

 

The human Austronesian populations across ISEA, Melanesia and even in Madagascar display 

genetic adaptations to malaria in the form of Southeast Asian Ovalocytosis (SAO, Kimura et al. 2003, 

Wilder et al. 2009, Paquette et al. 2015), which provides strong protection against Pv malaria (Genton et al. 

1995, Rosanas-Urgell et al. 2012). SAO is present in both malarious and non-malarious regions of Vanuatu, 
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Figure 6 
Archaeological evidence of human activity in Melanesia (green), 95% intervals for Melanesian lineage age estimates of the most recent common 
ancestor (MRCA) of Papuan and Austronesian motifs in human genomes (dark blue), other disease genomes (pink), domesticates (orange) and 
P. vivax mtDNA (red). Two maps show the general routes of migration of the Papuans (top) and Austronesians (bottom), based on Skoglund et al. 
2016. 
Two normal distribution graphs show the Melanesian P. vivax branch age estimate settings given a Papuan (blue: 45 kya, 95% HPD: 30–60 kya) 
and an Austronesian (red: 6035 ya, 95% HPD: 3350–9050 ya) emergence. The Papuan age estimate results in a median mutation rate of 5.993E-
9 (median, 95% HPD: 3.7696E-9 – 9.1065E-9), whereas the Austronesian age estimate leads to a median mutation rate of 4.3972E-8 (95% HPD: 
2.3278E-8 – 7.6053E-8). 
The period of early Papuan settlement (~80 - 20 kya) is shaded blue, the estimated period of Austronesian settlement (15 - 2 kya) is shaded red. 
The reference data used to calculate the lineage estimates can be found in the table in Appendix S3.7. 
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indicating that the original Austronesian settlers were likely exposed to malaria for a substantial 

amount of time before migrating (Tsukuhara et al. 2006). This is in line with suggestions that the global 

distribution of SAO demonstrates the trait was acquired by Austronesian populations prior to their 

dispersal to the Pacific (Kimura et al. 2003) and Madagascar (Rabe et al. 2002). However, there is currently 

no evidence of these Austronesian migrants bringing particular Austronesian-associated strains of Pv 

with them to Melanesia, whether this is due to none being introduced or introductions having been 

unsuccessful in the long term. The mtDNA of Malagasy Pv indicates a common Indian Ocean origin 

(see Global Chapter, Culleton et al. 2012, Miao et al. 2012, Taylor et al. 2012, Rodrigues et al. 2017). Based on the 

mtDNA sequences of current Vanuatu and SOI isolates it is much more likely that Austronesian 

migrants in Melanesia picked up Pv strains from Papua New Guinea and deposited them on the SOI 

and Vanuatu. The chronology of the introductions of these strains is hard to estimate due to their low 

levels of diversification. 

 

 

Although major evidence for the presence of an Austronesian Pv lineage in Melanesia is lacking, the 

lineages from neighbouring ISE Asia raise some intriguing questions. Geographically this is the 

closest region to Melanesia, yet phylogenetically it is one of the furthest removed, in the present 

dataset. Its close relation to East Asian Pv indicates an origin from this region, which is in line with 

human data. However, current estimation of the ISEA clade age shows it to be as old or older than 

the Melanesian clade, which does not correspond with a much later human Austronesian 

introduction. Whether its entry into the current geographic location corresponds relatively closely 

with the estimated age, or it was introduced later, is uncertain. If the former, Pv in West and Central 

Indonesia would not have been carried in by the Austronesians. Visualisation of the possibly 

Figure 7 
Reconstruction of possible geographical 
movements of P. vivax populations in the 
past, according to the PCA associations 
and clines seen in (7b). 
(A) denotes the movement from 
Myanmar (brown) to Papua New Guinea 
and the rest of Melanesia (blue) 
(B) shows the movement from Myanmar 
(on the central axis), through central 
China (medium pink) to northern China 
(dark pink). 
(C) shows a movement from Myanmar 
through island SE Asia (green), which 
appears to be either a branch off, or 
feeding into a coastal trajectory from 
southern China (light pink) to 
northeastern Asia (red) – a similar 
trajectory is seen in 
(D) which goes through mainland SE 
Asia instead, but then appears to hug 
the coast, moving up from southern 
China to northeastern Asia. 
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geographical movement as denoted by the PCA analyses, as seen in Figure 7, adds to the interest in 

the complexity of patterns seen around this region. 

 

There are some possible alternative drivers behind the diversity in ISEA, which pushes back time 

estimates artificially. Firstly, there is a possibility that the ISE Asian Pv clade diversified in isolation 

around Taiwan, and Austronesian migrants introduced a wide variety of different Taiwanese and/or 

East Asian strains before 4 ky ago. Some theories push the first Austronesian expansions to 10 kya 

(e.g. Soares et al. 2016), which would support the argument for an Austronesian introduction of ISEA 

Pv. In addition, diversification across the region could have accelerated with increasing human 

numbers and a patchy geographic setting. This remains an unlikely scenario. Besides high haplotype 

diversity starting around 30 kya, a strong regional signature and early distinction from the East Asian 

clades at over 51 kya, there are traces of a Bornean stepping-stone, which accentuates a linear time-

line. All these make it more likely that Pv in West and Central Indonesia diversified within the region 

before the movement of the Austronesian people. The Palaeolithic link between Western Indonesia 

and mainland Asia dated at 30-14 kya based on Y-chromosomal genetics (Karafet et al. 2010) make it 

possible chronologically that the ISE Asian Pv clade may have been introduced from mainland Asia 

by pre-Austronesian but post-Papuan migrants. The clines seen in the results from the PCA in Figure 

7 indicate a possible movement of P. vivax through ISEA first, before moving back northwards, onto 

the mainland, and from southern China to north-eastern Asia along the coast – instead of ISEA 

branching off of the southern China samples. In that case an unidentified route of early humans 

coming southwards to ISEA and moving back up would have had to occur, possibly through an island 

route using the Philippines and Borneo, instead of the other way around. 

 

Alternatively, vector species compatibility and adaptation could have driven the diversity patterns 

seen across the region. The Anopheles farauti complex found in Melanesia is unique, and much older 

than human populations (Logue et al. 2013, 2015). Its compatibility with the local Melanesian strains of 

Pv could exclude the intrusion of other strains, including the ones found in ISEA. Adaptation to and 

selection by local vectors (Joy et al. 2012) could drive some of the population structure and diversity 

seen in the different strains of Pv. In contrast, as discussed in Chapter 3, ISEA has a vector species 

composition that relates to that of Eastern Asia. This could have facilitated the introduction of later 

strains from the East Asian region into ISEA. 

 

Large parts of Indonesia would have been initially settled by Papuan migrants moving through ISEA 

to Melanesia, around ~60 kya. The geographical assumption of this movement is underlined by 

archaeological evidence of modern human remains on Sumatra dating back to 63-73 kya (Westaway et 

al. 2017). In addition, remnants of early Papuan settlers in ISEA are found in the presence of Papuan 

languages in parts of Central Indonesia, such as Timor (Mona et al. 2009). If the Papuans brought 

parasites to Melanesia, such parasites should also have been introduced to ISEA. However, these 

parasites are no longer found, at least not in significant numbers. The single sample from East Timor, 
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which is one of the few geographic regions outside Melanesia with Papuan human populations, 

cannot provide significant insight into the situation. It does fall within the ISEA clade with other 

Indonesian samples. The reason for the strong separation of ISEA and Melanesian samples is 

unknown, but one factor that is significantly different between these regions is the species of 

Anopheles mosquito vector (see Chapter 2.4 for an in-depth discussion of the role of mosquito vectors). 

 

In other words, when and with whom ISEA Pv was introduced is unclear, and so is the reason why 

there are no traces of Papuan Pv in Indonesia whilst most other populations have remained in place 

for many tens of thousands of years. A Papuan introduction fits the time frame of ISEA Pv 

introduction, but not the phylogeny. A Palaeolithic introduction could fit the time frame but not the 

source. An Austronesian introduction fits the source but not the time frame. This corresponds with 

similar observations on the diversification of the three Malaysian Borneo samples, which fall well 

within an Austronesian route, but not an Austronesian timing. Expanding sample numbers would 

increase the accuracy of phylogenetic timing, as demonstrated by the narrowing of the Melanesian 

age estimate in this chapter as compared to the data from Taylor et al. (2013), see Appendix S3.7. 

Further sampling and genotyping of Pv strains from Taiwan, the Philippines and along the 

Austronesian migration routes in ISE Asia will be required to clarify the origins of Pv isolates 

currently circulating in the Indo-Malayan Region. 

 

A side observation to the clear distinction between Melanesian and ISEA Pv samples is that even to 

this day the two have remained relatively strongly separated. The reasons for this are likely manifold: 

though population movement has become more frequent recently, levels of movement in the past are 

estimated to have been low. In addition, the different mosquito vectors present in each region might 

form a barrier to intrusion, on top of the already high prevalence of local strains. Thus there is a 

double mechanism of selection against introduced strains on each side. Even so, Melanesian type Pv 

strains were found in ISEA, and low levels of ISEA type Pv strains were found in parts of Indonesian 

Papua by Hupalo et al. (2016). Over time, with increased movement by modern day populations, these 

numbers are expected to increase, in relative numbers if not in absolute. 

 

While the present study clarifies the main origin of Pv in Melanesia, it does not have sufficient 

resolution to entirely resolve the history of Pv in Southeast and East Asia. The immigrant haplotypes 

observed in this study highlight the importance of constructing the global Pv mt genome profile as 

soon as possible, before increased admixture confuses the historic patterns. In addition, the study 

once more brings into focus that modern migration is a complicating factor for Pv elimination, 

underlining the importance of understanding its origin and migratory patterns, both current and past. 

For this purpose, mitochondrial DNA is demonstrably useful (Rodrigues et al. 2014). 

 

For a more complete understanding of Pv regional phylogenetic connections and past population 

dynamics it is crucial to heighten coverage in surrounding areas, in this case specifically around 
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certain regions in Island SE Asia. For example, Borneo looks like a probable East Asia-ISEA 

intermediate; East Timor merits further study as an outpost of Papuan populations, the Philippines 

needs further exploration as an Austronesian travel route, and different parts of Indonesia require 

further scrutiny for local classification that might be related to past human movements and 

ethnicities. The addition of these samples is of specific interest to better understand the migration of 

Pv, and possibly of human movements, in the East Asian and Pacific regions. Other drivers of genetic 

diversification of Pv strains have not been discussed here, as they have been discussed in a broader 

setting in Chapter 2. 
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CHAPTER IV 
 

DOES SIZE MATTER? 

PLASMODIUM VIVAX PHYLOGENETICS, AND THE APPLICATION & AGGREGATION OF 

DIFFERENT GENOME SEQUENCING DATA 

 

“All of this is not a coincidence 

We are completely different […] 

Because we have found our destiny” – BTS, DNA 

 

___________________________________________________________ 

 

 

4. 1. INTRODUCTION 

 

Since the discovery of the function of the nucleic acid sequences which make up the genome, their 

sequential code has been used for many scientific purposes: from practical applications such as 

determining relationships between individuals, forensic evidence, disease discovery and drug design; 

to gaining a broader understanding of the development, adaptation and evolutionary history of 

humans – and all other organisms – through studying the similarities and differences across the 

genetic codes, as well as the functions of the encoded enzymes. Crucially, molecular techniques for 

understanding evolution and adaptation have been used to comprehend the history, functioning and 

epidemiology of many infectious diseases. Studying the genome of infectious diseases has often 

helped to clarify many aspects of their history, including the time and region of origin, the route and 

pace of spread, their adaptation – and with that knowledge, an understanding of their virility and 

impact on human populations patterns (e.g. for tuberculosis: Fletcher et al 2003, Donoghue 2009, Gagneux 2012, 

Comas et al. 2013; Helicobacter pylori: Moodley et al. 2012; black death: Bos et al. 2011; hepatitis C: Markov et al. 2012; 

hepatitis B: Dupinay et al. 2010). 

 

Phylogenetics and phylogeography have, through the use of genetic sequences, become popular 

methods to reconstruct a species’ spread over space and time. With technological progress, the 

genetic sequences employed have evolved from small, targeted areas such as microsatellites (MS), 

small subunit ribosomal ribonucleic acids (SSU rRNA) and single genes, to the mitochondrial 

genome (mtDNA), chromosomes, and now the entire genomes of organisms (see Section 4.2 for 

references). The current competency to extract and process large amounts of data, combined with the 

general attitude that more data is inherently better, has led to an increased concentration of current 

research and publication demands on whole genome data. However, whole genomes of many 

organisms are generally large, as many nucleic acid sequences easily run over several hundreds of 
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thousands to millions of base pairs. This means that often demands on laboratory work, data-

processing and analyses are high, both in terms of cost and time.  

 

Demands for using whole genomic datasets can be especially high in research on infectious diseases, 

as these frequently form an exception to the generalisation of organisms having very large single 

genomes. Smaller sized genomes are found in numerous viruses and bacteria. The smaller sizes, and 

the prolific use of whole genome sequencing in the medical world, have led to an inherent expectancy 

that new research on medical phylogenetics uses whole genomes. However, this is not always the 

most practical or relevant method for all genomic research applications, especially for those 

pathogenic organisms, such as malaria, with a larger genome; just as it would be inappropriate to 

sequence the entire malaria genome simply to diagnose a patient, certain parts of the genome are 

more useful for some phylogenetic applications than others.  

 

The part of a sequence that is especially useful for a certain avenue of research often varies, and 

sequencing the entire genome remains expensive and cumbersome in terms of both laboratory work 

and computational processing. The limits of these sequencing methods are pushed further and faster 

by the ever-growing demands on them, which are increasing at a high rate. As such, it should be 

considered when high volumes of data are necessary and useful, and in which instances a more 

constrained approach is of greater or equal value. In a similar way to patient diagnosis, there is a 

strong argument to saving time and money in all sectors of research by using a targeted approach. 

This is not only useful to streamline research; it is also essential for the operation of smaller labs or 

those with limited resources. The approach of using shorter sequences has a twofold advantage in 

practical application: (1) the acquisition of new data is relatively straightforward; and (2) there are 

extended data sets available on them, which have been built up over extended periods of time. Despite 

catching up at a rapid rate, whole-genome data currently remain much more rare, and more complex 

to process. 

 

What is lacking is an overview of the different genomes or genes used so far, and how their 

differences can, and have been, exploited in an appropriately targeted manner. Targeted uses of 

sequences to discover genetic trends are applied to phylogenetics, population genetics, genetic 

adaptation and genomic transcription. Weighing up the heavy costs of generating whole genome 

sequences (WGS), i.e. time and resources, against its actual usefulness in each instance, facilitates 

efficiency in labs’ research approach. As this thesis is on the phylogenetics of Plasmodium vivax 

(Pv), this chapter will evaluate the history of phylogenetic approaches – and methods for DNA 

research within this field – in Section 4.2. In Section 4.3 this chapter will also discuss the current pros 

and cons of using the mitochondrial genome for phylogenetics, in contrast to MS and WGS – 

reviewing what information on the history and population structure of Pv malaria can be gained from 
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both the mitochondrial genome and nuclear MS markers, compared to results seen using WGS. In 

addition, Section 4.4 demonstrates the “do’s and don’ts” of aggregating marker datasets with 

different evolutionary histories from the same individuals and populations, which can happen 

thoughtlessly in WGS analyses. For this purpose, I analyse global mtDNA and MS data sets 

separately, as well as combined. The aim of this analysis is to test whether additional MS data allows 

for detection of more fine-scale differentiation on top of the broader evolutionary diversity already 

found in the mtDNA, as seen in Chapters 2 & 3. 

 

The global datasets of Pv for both mtDNA (>1000 global samples) and microsatellites (>1000 global 

samples each, for at least 10 MS) are large, and partially overlapping. This allows for the production 

of an overview of which types of information can be gleaned from each dataset separately, from the 

combined data, and how these compare with, for example, phylogenetic whole genome data (Hupalo 

et al. 2016, Prugnolle et al. 2016). The expectation is that WGS will show an added depth of information, 

yet that the mtDNA remains suitable – and possibly the most efficient single candidate – for teasing 

apart the distribution of global Pv populations, especially when looking at the past beyond 500 years 

ago. Some population structure is expected to be found in nuclear genome MS (nDNA) data, as 

published in Koepfli et al. (2015). To understand the continued use of mtDNA in an age of increased 

whole genome sequences, this chapter will also look at what current publications of Pv whole genome 

sequencing studies have found, and how this differs from those purely based on mtDNA.  
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4. 2. MALARIA PHYLOGENETICS SEQUENCING APPLICATIONS OVER TIME 

 

Before genetic sequencing, most phylogenies of Plasmodium spp., as with many other species, were 

based on comparative physiology of the organisms (e.g. Barta 1989). Genetic applications to study 

Plasmodium phylogeny started to be used in the 1980s (McCutchen 1984, Barta 1989). The 1990s saw a 

proliferation of genetic sequencing, with target sequences diversifying from mainly small ribosomal 

RNAs to genes, including the circumsporozoite protein gene (csp) and towards the end of the decade 

the first usages of the cytochrome b (cytb) gene on the mitochondrial genome (Waters et al. 1991, Brooks 

& McLennan 1992, Siddall & Barta 1992, Snounou et al 1993, Arai et al 1994, Escalante &, Ayala 1994, Escalante et al. 

1995, McCutchen et al. 1996, Qari et al. 1996, Kimura et al 1997, Escalante et al. 1998). Genetic sequencing methods 

were soon used as a method of patient diagnosis, such that laboratory methods were developed for 

molecular diagnostics, including the ability to tell apart the different species infecting patients 

(Snounou et al 1993, Arai et al 1994, Kimura et al 1997). Such developments went hand in hand with 

researching the broader Plasmodium species phylogenies and their position within the broader 

Apicomplexan phylum and its Haemosporidian subgroup.  

 

With increased sensitivity of the sequencing regions used – including merozoite surface proteins 

(Msp) and microsatellites (MS) – and an increase in the number of regions sequenced per study (Barta 

2001, Rathore et al. 2001), phylogenetic research began to take an interest in the origin and distribution 

of each separate species of Plasmodium from the late 1990s and early 2000s (Lim et al. 2000, Gardner et 

al. 2002, Leclerc et al. 2004). This interest was especially focused on the more virulent P. falciparum (Pf), 

which was entirely sequenced by 2002 mainly for the purpose of finding regions of interest for the 

development of antimalarial drugs (Carlton et al. 2002).  

 

During this time, and across the following decade, there was a shift from using more widely known 

gene regions that were well preserved across different phyla, to finding regions with varying mutation 

speeds applicable to the question at hand. Regions with high mutability, such as microsatellites (Barta 

et al. 2001), though used in phylogenetics studies at first, were more applicable for studying population 

structures in real time and for informing multiplicity of infection, depending on the set of markers 

used (Barta et al. 2001, Leclerc et al. 2004, Imwong et al. 2006, Miao et al. 2012, Sutton 2013, Koepfli et al. 2015). The 

same goes for the glutamate rich protein (Glurp), Msp1 and Msp2 (Lim et al. 2000, Birkenmeier et al. 2010, 

Mwingira et al. 2011, Bowman et al. 2013, Congpuong et al. 2014).  

 

By contrast, regions with low mutability, such as the mitochondrial genes cytb and cytochrome c 

oxidase subunit 1 (cox1), and in later studies the entire mitochondrial genome, were used and have 

retained the use to reconstruct phylogenies not only across species but also within them (Escalante et 

al. 1998, Barta 2001, Rathore et al. 2001, Carlton et al. 2002, Perkins & Schall 2002, Joy et al. 2003, Jongwutiwes et al. 
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2005, Mu et al. 2005, Liu et al. 2014, Prugnolle et al. 2015, Taylor et al. 2015, Rodrigues et al. 2018). Other genes or 

parts of genomes used for reconstructing phylogenies have come and gone, often in varying 

combinations (Escalante et al. 2005, Liu et al. 2014). 

  

 

Figure 1 gives an overview of the sequence lengths used in 73 publications studying genetic 

differentiation in or between Plasmodium spp., over time (year of publication) since the early days of 

gene sequencing, starting in 1984. An overview of the publications used can be found in Appendix 

4.1. With regards to topic, the publications are focused on phylogenetics, population structure 

analyses and other topics comparing genetic variation across different populations or geographic 

regions – with the exception of publications where a large genome was newly sequenced for each 

species. The main focus is on Pv, but as progress on research in P. spp. was initially more 

concentrated on Pf the species was included to give a comprehensive overview. Appendix 4.1 

includes a summary of the genes researched, the main topic of research and the focal species, phylum 

or clade focused on. 
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Figure 1 
Overview of genetic sequence lengths used in Plasmodium spp. research, as published per year, coloured by species. Psp: Several Plasmodium 
spp., Pf: Plasmodium falciparum, Pv: Plasmodium vivax, Po: Plasmodium ovale, Pk: Plasmodium knowlesi, Pc: Plasmodium cynomolgi, Pyy: 
Plasmodium y. yoelii. Grey crosses denote publications on broader phyla or clades containing Plasmodium spp.  
Publications used can be found in Appendix 4.1.  
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In Figure 1 a trend towards the use of larger sequences is visible, as described earlier. It also confirms 

the continuation of the use of smaller sequences for research, and illustrates how Pf research has 

remained continuously ahead of that on Pv, occasionally by a decade, such as with whole genome 

sequencing. Though this review is not a comprehensive overview, the trend of Pf research far 

outpacing Pv before 2010 remains to this day. This is likely due to Pf generally being much more 

virulent than Pv, attracting more attention. In fact, Pv has been recognised as a neglected tropical 

disease, whereas Pf does not qualify as such (Carlton et al. 2008, Carlton et al. 2011, Gething et al. 2012). Pf 

has had large amounts of research interest and investment, and thus had earlier opportunity to access 

costly genetic sequencing platforms. A cautionary note here is that besides attracting monetary 

investment at a higher rate, research for Pf is strongly facilitated by the ability to culture it in labs. 

This is currently still not possible for Pv. Regardless, the attention for Pv has increased dramatically 

in recent years. The cause for this is two-fold: 1) an increased interest in malaria in general, due to 

its resurgence and rapid development of drug-resistance, and 2) the realisation that eradicating Pv 

will likely be a much more complex task compared to Pf due to its dormant hypnozoite stage as well 

as occasional non-symptomatic carriers. Figure 1 also confirms the continuous use and popularity of 

the (whole) mitochondrial genome from the start of its use up to the current date, for both Pf and Pv. 

 

More modern methods used to look at phylogeny and population history, are through the application 

of whole genome sequencing (WGS) methods. WGS has been helpful in understanding the long-

term evolution of some diseases. For example: WGS increased the precision of mutation rate 

estimates for both TB (Roetzer et al. 2013) and HIV (Cuevas et al. 2015, Zanini et al. 2017), increasing the 

understanding of their phylogenies over time. In both cases, however, the time span studied was 

relatively small compared to that of Pv in this thesis. In those studies, data from samples spanning 

much of the time line studied were available. Such is not currently the case; when looking into long-

term phylogeny of malaria, where the time span from samples is at most 100 years but the lineage 

times span several tens of thousands. Arguably even 100-year old genomes, such as used in the study 

by Gelabert et al. (2016), would give very valuable insights. Such archival samples can provide 

original data from regions where malaria has now been eradicated. In addition, archival or 

archaeological samples could provide information regarding mutation rates of the Pv genome, even 

if this data comes from smaller time spans. Such samples of pre- or early drug treatment times can 

provide insight into which genes changed under selection pressure. Lastly, some strains had certain 

reputations, such as the Dutch Pv, which was known for its relatively mild symptoms and was used 

profusely in the experimental treatment of syphilis patients (Swellengrebel 1938, Verhave 2013). 

Sequencing the genomes of such parasites could provide functional insights into genes involved in 

pathogenesis processes. 
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For samples that are degraded due to their age, certain Next Generation Sequencing (NGS) methods, 

frequently used for WGS, are often seen as an appropriate platform. As long as these methods are 

combined with laboratory preparation methods that work around the low volume, and highly 

degraded length and quality, of the DNA targeted. As such, there is an increase in WGS used for 

ancient DNA studies (Stoneking & Krause 2011, Carpenter et al. 2013 (methodology), Hofreiter et al. 2014 (review), 

Linderholm 2015 (review), Fu et al. 2016, Gelabert et al. 2016). Sanger sequencing, NGS and 3rd Generation 

Sequencing (e.g. MinION and PacBio) methods, targeting long sequence reads - often used for 

modern genome sequencing - are not appropriate for ancient DNA. The latter two are not applicable, 

as the ancient DNA of the organism has fragmented over time into pieces too small to work with 

these methods. The former, as it is inefficient, especially as there will be a significant amount of short 

reads that need to be targeted. Naturally, when it is known which parts of the genome hold the most 

valuable information to understand the phylogeny over the timeline envisioned, Sanger sequencing 

methods can again be applicable. 

 

Several NGS methods used for WGS are aimed at processing small fragments and so are useful for 

ancient DNA (e.g. Illumina, Roche 454 and Ion Torrent). Another useful aspect of using these 

methods, is that given the low volumes of DNA present in ancient samples, it is of great value to 

extract as much of the sequence as possible – a specific aim when using WGS. With aDNA the 

expectation is that not all genomic material can be retrieved and sequenced, assuming the presence 

of gaps in the data from the start. This is compatible with the issues around WGS. Even though the 

mitochondrial genome is a strong tool for understanding past phylogenies of modern DNA, when it 

comes to ancient DNA, NGS applications that target whole genomes might be more useful. Having 

additional data with many gaps instead of little data with many gaps would appear to be preferable. 

Even so, the decision whether to use WGS, more targeted sequencing of smaller markers, or both, 

would likely depend on: the amount of sample extracted & how much of it is used for each 

application, what is already known about the genome and its variation, and the research questions 

posed. There is significant importance in understanding what to sequence to answer which questions, 

especially with the increased interest in studying the past of infections, including malaria, from 

aDNA records such as medical archives or human remains – such as the studies of old malaria 

samples from Spain (Rodrigues et al. 2018) or even detecting infections in Egyptian mummies (Lalremruata 

et al. 2013). 
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4. 3. CURRENT APPLICATION OF MTDNA IN PHYLOGENETICS 

 

Most of the history currently known for Plasmodium spp. – and other species including humans – is 

largely based on the information derived from mitochondrial genome sequences. There are many 

reasons why the mitochondrial genome has been used so prevalently in phylogenetic studies, despite 

having many opponents to its use, especially at a time when whole genome sequencing methods are 

becoming increasingly faster and less costly. The strongest argument against using only the 

mitochondrial genome is that it represents only a single genetic history for a species, and only for 

one sex (Ho & Shapiro 2011). It is inherited in a linear fashion, only through the maternal line, and thus 

does not have any recombination. The lack of recombination and linear inheritance are, however, the 

very reason the mitochondrial genome has been useful for phylogenetic studies: it is relatively stable 

and mathematically less complex to work with initially, especially when studying the phylogenetics 

of an organism deep into its past, due to its stability and continuity. For this reason it is an appropriate 

tool for investigating past migrations, across very broad geographies and/or long time scales. Some 

issues arise in the application of models reconstructing timelines with mtDNA, and these should be 

kept in mind. The main one is the strong weighting of mutations towards recent times – i.e. a relative 

overrepresentation of more recently accumulated mutations – due to strong purifying selection on 

the mtDNA, which removes erroneous mutations from the gene pool over longer periods of time (Ho 

& Shapiro 2011). Ho & Shapiro (2011) suggest these errors are avoided by sampling across different loci, 

and making sure data quality is of a high standard, as minor errors in the sequence data can lead to 

major errors in the results. This is why some WGS methods – certain ones of which trade out 

precision for size, missing out on parts of the DNA in favour of large coverage generally –  can be 

less valuable for phylogenetic reconstructions than a more precise and targeted method of 

sequencing. 

 

As Sutton (2013) explains in his review of microsatellite markers, for population genetics and 

phylogenetic research it is even more important to use a genomic marker that best reflects the level 

of variation necessary for the region and topic in question. It is sensible to use a marker that has the 

right amount of diversity for the study, rather than one that contains too much or too little variation 

across the populations studied. The amount of genetic variation is often influenced by the rate and 

type of evolution leading to particular patterns of diversity. Too little variation, which can be caused 

by either a low rate or similar selection pressures on the same part of a genome, will detect no 

population structure, as populations are excessively homogenous. On the other hand, an excess of 

diversity can compound population structure, as populations will display too much heterozygosity 

across all populations, diluting any structure, if present. Thus, the appropriate molecular markers will 

give a decipherable population structure. The same goes for time depth: for phylogenies estimating 
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time of divergence, it is important to use a genomic region that has a relevant mutation rate for the 

period of time and geographical region studied.  

 

So far, the mitochondrial genome has suited the purpose for most phylogenetic studies looking into 

the past migration of Plasmodium parasites, including research into its origin and spread (Jongwutiwes 

et al. 2005, Mu et al. 2005, Imwong et al. 2006, Culleton et al. 2011, Manske et al. 2012, Taylor et al. 2013, Rodrigues et 

al. 2018). The resolution of mtDNA has been suitable enough for looking at the distribution of 

Plasmodium spp. on a global scale, especially for most regions infected with Plasmodium vivax. In 

Eastern Asia Plasmodium vivax populations can be discerned almost to a level between countries, as 

is seen in Chapter 2 of this thesis and numerous other studies (Jongwutiwes et al. 2005, Mu et al. 2005, 

Imwong et al. 2006, Culleton et al. 2011, Manske et al. 2012, Taylor et al. 2013, Rodrigues et al. 2018). Based on this 

several studies claim it is a useful tool for diagnosing the origin of infections in recent migrants 

(Rodrigues et al. 2014, Ferreira & Rodrigues 2014). However, the resolution is not always so distinct. This is 

because any marker used for geographic positioning is only as good as its resolution. On the 

intercontinental scale mtDNA is the correct tool, but to understand smaller scale dynamics requires 

markers that have different fixed alleles or unique combinations of alleles presented across the 

populations in question. For mtDNA, the distinctions that are so clear on the eastern side of the Asian 

continent are minimal when looking at Pv from Africa across Eurasia up to India (see Chapter 2, Mu et 

al. 2005, Taylor et al. 2013). For this western region, the addition of other markers to aid strain 

identification would be useful. 

 

Microsatellite (MS) data (Koepfli et al. 2015) show similar results to those seen in the mtDNA, as does 

whole genome sequencing (WGS) (Hupalo et al. 2016). However, both the MS and WGS datasets lack 

strong geographical representation across Africa, western and southern Asia. The MS data is largely 

represented by Madagascar and Sudan, with some samples from Uzbekistan, Azerbaijan and India. 

WGS data from Hupalo et al. contain several samples from India, three from Madagascar and one 

from Mauritania. With increased sample sizes from sites across this region it is possible that either 

of these genetic templates could find similar, or even greater, resolution than the mitochondrial 

genome, though currently it looks like the potential is low or the differentiation will be marginal. For 

MS data, the resolution for differentiation across the entire dataset is quite low, but strong enough 

for a general measure of divergence, as seen in Koepfli et al. (2015). Data from another WGS study 

by Pearson et al. (2016) is so greatly skewed towards samples from Southeast Asia and Papua - both 

Papua New Guinea and Indonesian Papua - that inferences about global patterns are not possible 

based on their results.  
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4. 4. MTDNA AND MS DATA USAGE & AGGREGATION 

 

To illustrate the differences between mitochondrial and MS genomic data, a direct comparison 

between the two types of genetic data is shown in Figure 2, which compares the MS data from 

Koepfli et al. (2015) with the mtDNA data from Chapter 2. The two datasets overlap in some of their 

data; the same samples from several study sites were sequenced for both mtDNA and MS (mtDNA: 

n = 813, MS: n = 624, mtDNA and MS overlap: n = 132). South American data have been removed 

from both datasets, as this thesis concentrates on the spread of Pv across the eastern hemisphere. R 

(packages: ggmap, ggalt, RcolorBrewer, maptools, sp) was used to generate sample location maps 

for both datasets (Figure 2a & 2b). In addition, R (ade4) was used to generate a principle component 

analysis (PCA) for each dataset, as shown in Figure 2c & 2d. As Reich et al. (2008) argue in their 

review of the uses of PCA, it is useful for detecting finer structures in populations; it corrects for 

stratification in disease studies and can infer species history, especially concerning large migration 

events. This makes it a useful method for visualising differentiation between populations. 

 

Figure 2 
Sample site locations of a) mitochondrial genome samples, and b) nuclear genome microsatellite samples, of Pv across East & 
Southeast Asia and Melanesia.  
Principle Component Analyses of c) mitochondrial genome samples, and d) nuclear genome microsatellite samples, of Pv. Colours 
are according to geographic origin as seen in a) and b). 

c)	 d)	

a)	 b)	
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The PCA results for the mtDNA (Figure 2c) show a strong degree of population variation across the 

first three PCA axes, indicating that the mitochondrial genome is picking up on variation between 

populations large enough to tell geographic structures apart relatively easily. The 11 MS used by 

Koepfli et al. (2015) all fall within the panel Sutton (2013) described as being well-balanced between 

endemicity and diversity. As Koepfli et al. discovered, a panel of three of the microsatellites used in 

their study is enough to tell most populations apart at a global regional scale. The PCA results shown 

in Figure 2d show a degree of stratification across the microsatellite panel, but the separation between 

the populations is, although seemingly more linear, not as strong as in the mitochondrial genome. 

The STRUCTURE data analysis approach in Koepfli et al. shows a clearer regional stratification, 

which corresponds with that seen in the phylogenetic tree in Chapter 2 (Figure 6). However, the 

mtDNA shows good resolution, independent of data analyses methods used, whereas the strength of 

the results using MS data vary. 

 

Overall, when looking at dynamics on the continent-to-country-wide scale, the mitochondrial 

genome appears most appropriate on a time scale of >10.000 years. Yet, as mentioned previously, 

using only the mitochondrial genome comes with its own issues. The mitochondrial genome is 

maternally inherited, which means the dynamics of about half the population (the other sex) are 

ignored. Beebe & Cooper (2000) formulate it well when describing the differences in phylogenetic 

use for mitochondrial and nuclear regions to study the mosquito vector Anopheles punctulatus 

complex: “Mitochondrial coding regions have been extensively used for displaying phylogenetic 

relationships as they are single copy, clonally inherited, non-recombining and easy to manipulate. 

Nuclear genes have the potential of recombination events removing and inserting sequences of a 

different evolutionary history and thus removing linearity from the phylogenetic picture. However, 

the selection of possible markers is large compared with the mitochondria. Inferring phylogenies 

from a single gene can be misleading, as the phylogeny of the gene may not match the phylogeny of 

the organism; thus, the more markers that can be used, the higher the possibility of an accurate 

phylogenetic tree.” 

 

In short, when using only mtDNA, other dynamics may be missed. For example, mtDNA lacks 

resolution on a smaller time scale, due to the slow rate of mutation of approximately 1 mutation per 

10 - 20,000 years (see Chapters 2 & 3). Though the mtDNA in many species has a higher mutation rate 

than the nDNA (Ballard & Dean 2001), the mutation rate is still low enough to trace back ancestries 

several tens of thousands of years relatively easily (Jongwutiwes et al. 2005, Mu et al. 2005, Culleton et al. 

2011, Manske et al. 2012, Taylor et al. 2013, Rodrigues et al. 2018). Specifically for Plasmodium spp., the 

mitochondrial genome is highly conserved, and a normalisation of mutation rates across both coding 

and non-coding regions has been deemed appropriate for phylogenetic calculations (Jongwutiwes et al. 

2005, Mu et al. 2005, Preston et al. 2014, Taylor et al. 2013).  



	 117 

 

By contrast, nuclear genomes in Pv have vastly varying speeds of mutation, depending on the region 

of the genome, complexity, and its coding status, amongst other factors (Carlton et al. 2008). Nuclear 

genomes (nDNA) have generally been used to understand more recent population dynamics and 

structure across many species, specifically certain microsatellites (MS) and single nucleotide 

polymorphisms (SNPs) on the WGS of nDNA (Mu et al. 2007, Volkman et al. 2007, Neafsey et al. 2012, Hupalo 

et al. 2016, Prugnolle et al. 2016). This is because the recombination process in nDNA complicates the 

reconstruction of relationships between genetic sequences, increasing in complexity over time. The 

nuclear recombination rates in Plasmodia are especially high (Putaporntip et al. 2002, Carlton et al. 2013), 

which complicates calculations that depend on reconstructing genetic relationships from sequences.  

 

Some of the polymorphic markers with an observed high rate of mutation include the microsatellites, 

often used in population genetic studies (Sutton 2013). These sites have been selected for population 

and infection studies because of their high mutation rates, which can inform on population diversity 

and change on recent timescales compared to mtDNA (Leclerc et al. 2004, Imwong et al. 2006, Ferreira et al. 

2007, Miao et al. 2012, Sutton 2013, Fola et al. 2018). However, there are some mathematical issues regarding 

the use of microsatellites even for understanding population dynamics (Putman & Carbone 2014). 

Because of their fast mutation rate – 10−4 - 10−2 mutations per locus per generation (Lai & Sun 2003) – 

they are unsuitable for phylogenetic studies looking at time spans beyond 100-10,000 years before 

the present, depending on the rate of mutation saturation (Jongwutiwes et al. 2005). Instead, the 

mitochondrial genome is used for phylogenetics looking further into the past of a species. 

 

However, there is a notion that adding MS to mtDNA data (Figure 3) for a higher resolution 

phylogeny might aid in understanding more recent population dynamics – as an increased amount of 

data, with a much shallower time-depth, is added to explore genetic relationships between samples 

for which information on relatedness over a larger time scale is already available. The theory is that 

adding a preselected marker panel that shows similar geographic resolution as seen in the mtDNA, 

such as the one suggested by Sutton (2013) and used by Koepfli et al. (2015), to the mitochondrial data 

set, might increase resolution. The obvious danger with this is the potential for over-parameterisation, 

and the weight of slowing down with too much data, such as with whole genome sequences.  

 

This is why in the following trial, looking at how the datasets interact when combined, a PCA and a 

discriminant analysis of principal components (DAPC) were used for comparing the mitochondrial 

and microsatellite combined data. Both the PCA and DAPC are relatively quick methods to find data 

stratification. The data used were those samples for which both MS and mtDNA data was available 

(n = 132). Results for the initial PCA analyses with R (ade4, adegenet, ggplot, plotly) are shown in 

the Supplementary materials, Figure S4.2. It displayed a handful of outliers, with the main data 
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clustered closely together around the origin of the first three PCAs. Principle component 1 in the 

original analyses stood out as controlling most of the direction. The main outliers were found along 

this trajectory, with the remaining outliers appearing to dictate the other two main PCA directions. 

Therefore, the five most dominant outliers were removed, and the data re-analysed to see if the PCA 

could detect diversity within the main cluster more sensitively. Concentration of the initial principal 

components on the outliers, instead of separating the central cluster, could indicate too much ‘noise’ 

detracting from the factors that are important. The bar graph for PCA eigenvalues inserted in Figure 

3a shows there are many different components having an almost equally strong influence on the 

structure of the data. In this case there is still some variation in the levels of differentiation detected, 

but the pattern points towards the danger of losing transparency in combined datasets, through the 

data becoming over-parameterised, and the PCA being unable to distinguish axes of importance. 

Here, added value is still present in most dimensions, and especially detectable in the first three 

principle components. 

Mt and Nuclear PCA by Population
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Figure 3 
Principle Component Analyses of a) combined mitochondrial genome and nuclear microsatellite data – with initial outliers (samples: 
Mg_H02, SUD_60, SUD_47, SUD_28, PgAl01) removed – according to the first three PCA dimensions. The inserted bar graph indicates 
the levels of resolution provided by each principle component, up to 50 dimensions. b), c) & d) show the PCA for the combined data 
according to two axes for each graph: PCA1 & 2 in b), axes PCA1 & 3 in c), PCA2 & 3 in d).  
Colours are according to geographic origin as seen in Figure 2. 
 

a)	

d)	

b)	

c)	
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The results of these analyses, as seen in Figure 3, show clear stratification patterns per geographic 

region in the data. The three PCAs also appear to detect disparate dimensions present in the data. 

Compared to the data from the mitochondrial genome and the MS on their own, the combined data 

picks up on slightly different patterns, shown in Figure 4f; in this case clearly separating out the 

Central Asian data along an axis different from either the African (AFR, SUD, MAD), or East 

Asian/Melanesian (ISEA, MSEA/PNG, IMEL) data. In addition, both the African and East 

Figure 4 
Figures a) microsatellite, b) mitochondrial, and c) combined mitochondrial and nuclear microsatellite genomic data, show the DAPC 
distribution for each dataset according to the two main principle components extracted.  
d), e) and f) show the first three PCA dimensions for the microsatellite, mitochondrial and combined genomic datasets, respectively. 
The inserted bar graph indicates the levels of resolution provided by each principle component, up to 50 dimensions. 
Colours are according to geographic origin as seen in Figure 2. 
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Asian/Melanesian axes display a geographically related trend of separation: samples from 

Madagascar are generally further removed from the centre than those from Africa/Sudan; and 

samples from Island Melanesia (IMEL: Vanuatu or Solomon Islands) are further from the centre 

point than those from PNG. Generally, these PCA trends in the combined dataset run along similar 

lines to the geographic distance from the origin of modern humans, somewhere in Eastern Africa – 

also hypothesised to be the probable starting point for the spread of modern P. vivax. In contrast, the 

distribution seen in the DAPC analyses in Figure 4c is much less clearly segregated, and is much 

more comparable to the results for the MS dataset (Figure 4a), where there are no clear geographic 

patterns or clumping of neighbouring regions, as is the case in the mtDNA dataset (Figure 4b). 

 

The samples mainly originate from two mitochondrial haplotype groups as found in Chapter 2; 

samples are predominantly from Melanesia and Africa/Central Asia/South Asia, with minimal 

representation from other areas. This means that there are only two main groups to tease apart, which 

are clearly visible in Figures 3a, b & c. Another separation is found across the Central & Western 

Asian samples, which are seen slightly separated out in the mtDNA dataset – this separation could 

have been increased by the MS data.  

 

There are several possible reasons for the structuring seen in the combined PCA data. Some of the 

main structures – such as the separation of Africa and Melanesia, with Mainland Southeast Asia on 

a more central axis between the two – are also seen in the mitochondrial genome. Central and western 

Asian samples also appear to branch out in the mitochondrial genome data, though this pattern is not 

as clear as in the combined data. The difference could be due to the smaller number of regions 

sampled; the combined dataset lacks samples from Far East Asia and Southern Asia, and has a limited 

number of samples from Mainland and Island Southeast Asia. As such, there is room for the principle 

components detected within the combined dataset to vary from those found in mtDNA, as it allows 

other patterns to come forward – even if the mtDNA data are the main provider of variation. Another 

reason for the variation in patterns is that the number of samples in the combined dataset is much 

smaller than either of the original datasets on their own. This could lead to patterns, though present 

on a smaller scale, not yet being fully detectable.  

 

Due to the limited number of samples in the combined dataset, the concern was that some depth in 

diversity would be missed. There has been much discussion about the minimum number of samples 

necessary for a stable dataset (Preacher & MacCallum 2002, Mundfrom et al. 2005, Jung & Marron 2009, de Winter 

et al. 2009). Although previously suggested, following a set minimum number of samples is not 

entirely the appropriate approach. The number of samples necessary for stable data is influenced by 

several components, mainly the number of factors and the number of variables, as well as in some 

cases a level of loading (de Winter et al. 2009). The combined dataset used here has number of samples: 
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n = 132 (-5); to factors f: MS = 11, mtDNA SNPs = 406; to variables: p, nucleotides = max 4 for 

every mtDNA SNP factor, repeat units = many for MS. According to de Winter et al. (2009), lower 

sample numbers can be used with lower numbers of factors and higher numbers of variables. This 

would be the case for the MS dataset on its own. However, better resolution was present in the 

mtDNA dataset on its own, possibly due to the strength of the data used and the large number of 

samples. The combined dataset is a combination of two extremes on the data scale – which 

surprisingly seems to work in this particular PCA analyses – possibly due to the mtDNA data 

overpowering most of the MS data, but the MS data still getting enough influence to increase and 

extend levels of separation. The increased depth of variation in the data is not only visible in the 

seemingly enhanced separation of data in the 3D plot, but also visible in the increase in the number 

of principle components, as seen in the bar graph in Figure 4f. This indicates a scope for combining 

datasets to understand relationships between different geographic populations – in this case likely 

focused on the past, but with some input of modern-day dynamics to help increase resolution. It is 

important to understand how the different parts of the data are contributing, and whether combining 

the datasets is valid for its purpose. 
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Figure 5 
Figures: a) microsatellite, b) mitochondrial, and c) combined 
mitochondrial & nuclear microsatellite genomic data, show the 
four main DAPC groupings for each dataset, according to 
sampling region.  
 
Colours of the groups are given according to the major 
representation of samples from certain geographic areas within 
the group, and correspond to those of geographic origin as seen 
in Figure 2: blue for Melanesia (PNG, IMEL, PGES, PGMD, 
PGSI, VAN, SOI), orange for Mainland SEA (MSEA, THA, CAB, 
VIE), brown for Western or Central Asia (WAS, CAS), light 
yellow for Africa (AFR, SUD, EAFR, WAFR), darker yellow/gold 
for Madagascar (MAD), pink for East Asia (KOR, CHAN, CHGU, 
CHGX, CHHA, CHSTH, CHYU). 
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In this case, how the MS and mtDNA data combine in the PCA and categorised DAPC (Figure 5) 

appears to suit the purposes of our study, and in a format that makes sense according to the structuring 

of the two combined datasets. The aim of this approach is to detect more fine-scale differentiation 

on top of the broader evolutionary diversity found in the mtDNA. Though the data comes from 

different types of markers, which lie on varying parts of the genome and have distinct evolutionary 

histories, this example appears to detect levels of diversity in the combined dataset similar to those 

detected in the mtDNA and MS datasets separately, even without appropriate measures to account 

for the specific types of evidence provided by the mtDNA and MS data. The databases are heavily 

influenced by ‘identity by state’ (IBS, for MS) versus ‘identity by descent’ (IBD, for mtDNA). 

MtDNA is better for inferring identity by descent because mutations are rarer and not shuffled by 

recombination. The rate of evolution, being slow, gives the time-frames necessary for understanding 

long-term phylogenies. In contrast, MS tends to give insight into the last 10-50 years of connections 

between more localised populations – such as within countries – and can be useful for questions on 

more recent time scales and local population genetics where there is a significant chance that 

parasites are related if they carry the same alleles.  

 

Combining the datasets appears to give broad strokes of similarity with the patterns found in the 

mtDNA, enhanced by data found in the MS, making it possible to detect more subtle differences 

between regions. Though the differences in type of data for each of these datasets (such as IBD and 

IBS), the risk of over-parameterisation, and the separate levels at which each dataset measures 

genetic variation, are all strong reasons not to combine these datasets – especially if the aim is to 

make conclusions about phylogeny and descent – to study genetic differentiation between regions, 

both these datasets are appropriate. In addition, the structuring of the principle components in the 

PCA makes sense for our purposes; the dominant contributor to the principle components appears to 

be the mtDNA, and secondary patterns are added by the MS. Geographically and  historically, this 

structuring makes the most sense; mtDNA provides most of the variation between regions, while MS 

contributes to the diversity within regions. As such, it appears that most of the results of combining 

the dataset are in line with our reasons for attempting the fusion. The exception is the DAPC 

dimensions per population as seen in Figure 4c, the pattern of which might indicate that the MS data 

played a larger role for the dominant dimensions detected there. Once a MS level is chosen as the 

primary dominant, mtDNA input could possibly worsen the situation. As observed, there is the risk 

of over-parameterisation, which means there are heightened chances of choosing an erroneous 

dominant parameter. 

 

Another point is that even with the positive results observed, the current combined data are too 

limited to show the more enhanced diversity patterns present in the other datasets, and are of interest 
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to a better understanding of both regional and global diversity, and possibly history, of Pv. The lack 

of data is likely also the reason why certain – less important – patterns of division are detected more 

sensitively in the DAPC groupings in Figure 5c, compared to the ones that are much clearer in 

Figures 5a & b. The main patterns seen in Figure 5a & b which are missing in Figure 5c – i.e. East 

Asia, and Mainland SE Asia – are the ones that lack data entirely or are much reduced in sample 

numbers. 

 

The process of combining genetic data with vastly differing backgrounds happens, often 

inadvertently, with WGS data, and should be approached with caution. Currently, the focus of WGS 

data is purely on SNPs, but each SNP comes with its own evolutionary history, and it is important to 

keep this in mind. Regarding increasing resolution for time depth with an increase in data: using MS 

data phylogeny for reconstructing historical connections is generally intractable – due to the 

uncertainty in speeds of mutation accumulation, and the high variability possible between different 

microsatellite regions. According to some, the issue of calibration makes it almost impossible to 

compare or combine results across studies or regions, making results difficult to interpret or 

generalise. This makes MS data mainly useful for applications that necessitate highly variable 

markers, over a smaller time frame. Even then, there are highly polymorphic genes that can serve a 

similar purpose. The expectation is that increasing data with SNPs from WGS data is a better 

approach, though they too have similar negatives to using MS data, including: 1) speeds of mutation 

of most of these SNPs are still unknown, extremely variable across the entire genome and under the 

influence of recombination (Pv: Pearson et al. 2016, Pf: Su et al. 1999, Volkman et al. 2006, Volkman et al. 2007, 

Bopp et al. 2013); and 2) insights are often complicated by patients and mosquitoes combining multiple 

infections (Pearson et al. 2016), which increases the complexity of the data gathered, especially when it 

is unclear which mutations are coming from the same strain. Due to the much higher variation present 

on the nuclear genome, the separate genomes of multiple infections are harder to identify.  

 

It is argued by some that the strength of WGS lies in the vast number of markers which can be used 

to answer a question of interest. More accurate might be the statement that the strength of WGS lies 

in the vast number of markers that can be used to answer questions of interest. Currently, the 

phylogenetic tree for WGS data, as seen in Hupalo et al. (2016), has no more, and possibly less, 

resolution than the one from mtDNA, as seen in Chapter 2. This could be due to less data, and/or a 

less targeted focus on the geographic region of interest, which could change the parameterisation of 

data targeted for separation. In contrast, the MS data combined from different samples, and studies, 

across the globe by Koepfli et al. (2015), shows a distinct differentiation between the separate 

geographical regions sampled, demonstrating the possibility to use MS data for some comparisons 

between regions and studies.  
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In the end, it is not so much about the size of the genome data used that is of importance to historical 

investigations and the understanding of past dynamics behind the spread and distribution of a species. 

What is critical are the specific characteristics of the markers used. As such, the expectation is that 

the mtDNA template will remain a stable tool for phylogenetics research investigating the broad 

geographical relationships of samples and populations over large amounts of time, including for 

example the provision of an extra dimension for understanding historic population dynamics and 

connections in the human host. As the understanding of nuclear genome evolution grows, with the 

aid of WGS applications, knowledge will hopefully increase of supplementary genetic datasets that 

can add depth and resolution on numerous different geographic and temporary scales, besides the 

deep time of mtDNA and shallow time of MS.  
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4. 5. DISCUSSION & CONCLUSION 

A clear result from this overview is that there is still great value in using smaller genome sequences, 

such as mtDNA and genetic markers, in the lab. Not only are they often cheaper and faster to work 

with, there is value in their precision to answer targeted research questions. There is also value in the 

already available knowledge about the behaviour of the markers regarding, for example, mutation 

sites and rate; and the large amount of data that has been built up over years of research. 

Accumulating data, for example through WGS, can give higher resolution for both spatio-temporal 

information and for mutation rates, but the possibility remains that valuable data get lost in the 

general noise, through over-parameterisation and/or as a result of aggregating data with varying 

evolutionary histories. Knowing what data to use and how to apply them to your research question 

in a focused manner is of substantial importance. As such, the continued use of well-understood 

smaller genomic markers, including the mtDNA, holds significant value. This can be extended to the 

use of WGS data in ancient DNA research settings, where some markers, and/or the aggregated 

dataset, will not be appropriate for all questions asked. 

 

As shown in the data example in this chapter, aggregate data can be used, but with great care as to 

what questions are being asked. Not only should these be appropriate for both data types separately 

and makes sense for the combined dataset, but there should be a thoughtful approach to which 

hierarchical structuring is applicable for the results of the combined data. In our case it made most 

sense, both geographically and temporally, to have the main patterns from the mtDNA dominate the 

principle components before those from MS. Though in this case testing of the data to see which 

individual dataset contributed most to which principle components was left out, the suggestion is to 

take this approach in any future use of data combining strategies – to test whether the stratification 

of the principle components follows the expectations and needs of the study. 

 

A further issue with WGS lies not so much in the amount of data generated, but in the issues arising 

from the process, such as gaps in the data. Many laboratories using WGS methods will follow up 

their sequencing with numerous PCRs and different sequencing methods to fill some of the gaps left 

during the initial process (Hupalo et al. 2016, Pearson et al. 2016, Benavente et al. 2017). Though this is not 

uncommon for traditional sequencing methods, it does increase both cost and time of an already 

costly and time-intensive method. Filling these gaps in WGS is not a standard practice, which means 

much data can be lost especially in genomes with low variation, as is the case with mtDNA (Gardner 

et al. 2002, Kidgell et al. 2006, Mu et al. 2007, Volkman et al. 2007). Whether this is of importance depends on 

the research aim of the sequencing, but when it comes to understanding phylogenetics of a genome 

that has highly informative but low numbers of mutations, any loss of data can make a huge 

difference in the inferences made. 
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For example, although for aDNA applications the benefits and negatives of WGS overlap with its 

aims and expectations, for sequences with low variation that are highly informative in phylogenies – 

such as the mitochondrial genome – missing data can be crucial in how one sample is related to 

others. This sensitivity means that the increased inaccuracy of many of the Next Generation 

Sequencing methods can be an Achilles heel in phylogenetics and other precision dependent 

analyses, especially in highly conserved sequences that depend on a small number of specific 

mutations for differentiation. At times, this means WGS data can only be compared to other WGS 

data as smaller comparisons lose value. The consequence is that use of WGS data carries a high risk 

of losing out on both incorporating, and being incorporated in, studies that cover smaller specific 

sequences. Naturally with the development of novel sequencing methods and platforms, and the 

reduction in cost and time, these issues are slowly being resolved. 

 

As with TB and HIV, the main use of WGS in malaria research has been to understand the functioning 

of the organism through discovering genes and their functions (Carlton et al. 2002, Gardner et al. 2002, 

Neafsey et al. 2012, Tachibana et al. 2012), with only perfunctory attention given to phylogenetics. 

Following from that, focus has been to understand which regions are involved in the development of 

anti-malarial resistance within the parasite and on setting new steps towards targeting regions for 

drug development (Carlton et al. 2002, Mu et al. 2007, Volkman et al. 2007, Hupalo et al. 2016, Pearson et al. 2016, 

Benavente et al. 2017). It is expected that in the future this avenue of research will increase significantly, 

as drug resistance to all currently available drugs on the market has become a big issue, especially 

within Southeast Asia. Progress on the eradication of malaria has recently ground to a sudden halt 

due to these new developments, and medical research funding has globally flagged malaria as a 

priority subject.  

 

The increase in research on drug resistance and anti-malarial drug development utilising WGS will 

likely feed into phylogenetic research, either through access to data or through technical and 

theoretical developments. Though much of the mtDNA and MS data available for Pv have been 

explored to a great extent, and despite the fact that the addition of WGS data from the same regions 

does not currently show significant supplementary resolution, avenues for improvement remain. This 

enhancement lies mainly in additional global coverage. As discussed in the previous chapters of this 

thesis there are several geographic regions of interest that are not yet present in the current datasets, 

or are significantly underrepresented. Adding these regions to the current mtDNA dataset is still of 

great value to understanding the past of Pv. In addition there is much room to explore the past of 

other Plasmodium spp. besides Pv and Pf. 
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CHAPTER V 

CONCLUSION 

  

THE DISTRIBUTION OF PLASMODIUM VIVAX ACROSS THE EASTERN HEMISPHERE: 

OBSERVATIONS OF HISTORY THROUGH THE MITOCHONDRIAL GENOME 

 

“Because we have found our destiny.  

DNA.” 

 – BTS, DNA 

 

___________________________________________________________ 

 

 

5.1 CONCLUSION 

 

The previous chapters have shown that reconstructing the past dynamics behind the current 

distribution of Plasmodium vivax (Pv), as found in its mitochondrial genome, is not a straightforward 

task. To understand its relationship with human history there needs to be an understanding not only 

of human history itself, but also of the other factors influencing the genetic patterns as seen across 

the geographic landscape. Chapter 2 indicated the strong influence of anophelene mosquito vector 

species distribution on the possible preservation, or homogenisation, of historic introduction patterns. 

In other species, including humans, genetic patterns have been strongly influenced by geography, 

including distances, climate and geographic barriers. In the present study, the influence of these 

factors was detected in the genetics of Pv, but there is still much room for further research and 

improvement on this topic. It would be interesting to see if there are any other geographic barriers 

besides the usual - oceanic, desert, mountain - that influence the distribution of Pv. As climate 

strongly controls vector distribution, the expectation is that more unexpected climatic barriers could 

be found that are unusual for the human host species, but correspond with vector species, such as the 

India/Bangladesh and Mexican forest/coastal distributions discussed in Chapter 2. 

 

Besides a strong influence from vector species and some indication as to the influence of geographic 

parameters, Chapter 2 showed a strong connection between the distribution of Pv and the past of 

anatomically modern human (AMH) migrations. Date estimates for the time of the most recent 

common ancestors (TMRCA) of Pv corresponded with archaeological finds of Homo sapiens (Hs) 

in the same region. In addition, patterns of age distribution and phylogenetic connections of Pv 

overlapped geographically with those of Hs. This was confirmed in Chapter 3, where a closer look 

at the age of introduction of Pv indicated an early arrival with Papuan migrants, around 65 thousand 

years ago (kya). The introduction of Pv in the Melanesian region is not connected with the much 

later arrival of the Austronesian human populations.  
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A complicating factor to the patterns in the dataset is that the Indonesian, or Island Southeast Asian 

(ISEA), samples are a difficult fit with surrounding regions. Though they fit an origin from East Asia, 

corresponding with the human movements of the Austronesian peoples, the TMRCA of Pv for this 

region is much earlier than the arrival of the Austronesian peoples. This could mean the parasite was 

introduced from East Asia far earlier than the movement of the Austronesians or arrived in the region 

from another geographic source that gave rise later to both the East Asian and the ISEA strains. 

Alternatively, the introduction could have occurred with the Austronesians but the adaptation to the 

local vectors and diverse landscape, and possibly competition with earlier subtypes of Pv already 

present in the area, drove an increased rate of genetic diversification. To increase our understanding 

of the past dynamics in this region additional sampling across the Indonesian islands and subsequent 

research would be of great interest. Further sampling around Borneo/Kalimantan would be of value 

as the current three samples appear to differ from both East Asia and from the other ISEA samples, 

taking up an intermediate position that indicates a possible route from East Asia to ISEA. If archival 

samples from Taiwan were available these might help to elucidate the connections within the region 

even further, as Taiwan is seen as one of the main regions contributing to the Austronesian migration. 

Pv genetic material could possibly confirm or exclude a connection between ISEA vivax malaria and 

the Austronesians, in similar fashion to the recently sequenced archival Spanish sample from the 

early 1900s (Gelabert et al. 2017) aiding in the understanding of the origins of American Pv.  

 

Another region that would be of significant interest to study in greater detail is East Asia itself. The 

patterning and diversity found across China and neighbouring regions indicate a diverse past. This 

includes possible coastal links between Korea and South-eastern China, and the isolation of interior 

regions such as Guizhou, which is separated from mainland Southeast Asia (MSEA) by a river delta 

system but has a similar climate to that region. Inland connections between Anhui and Guangxi also 

tentatively exist between their historic human populations, the Han. Due to the regional distinctions 

found in Pv mtDNA across East Asia, modern imports can be relatively easily identified. For 

example, claims that refugees and migrants from Myanmar introduced Pv to Southern China could 

be checked relatively easily through mitochondrial DNA, as the fingerprint for each region is quite 

distinct. According to the dataset used in Chapter 2, dating to before 2005, there was little to no 

indication of this being the case at the time. 

 

These future avenues of research for understanding the past of Pv through its current genetic 

distribution can include genomic data from other sources besides the mitochondrial genome. 

Currently the diversity of single nucleotide polymorphisms (SNPs) from sequencing across the entire 

Pv genome (WGS) has the potential to add extra depth to identifying regional genetic structures. 

However, so far WGS has not found increased resolution for this application, but equally it has not 

been specifically applied to do so. Instead the WGS studies have mainly focused on diversity in drug 
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resistance adaptation genes. There is still much scope for WGS data to be used for other applications 

including increasing the understanding of diversity and which parts of the genome contribute to it. 

Hupalo et al. (2016) made a good start on this, recognising the influence of mosquito vector species 

on the genetic diversity in Pv. In addition, the nuclear and apicoplast genomes could be explored for 

regions that can increase the accuracy of the molecular clock, such as has been done in tuberculosis, 

including the conceivable use of different regions for looking at varying time depths. However, 

caution is advised for increasing data at any cost. Not all data are appropriate for all applications, and 

more data increases both costs in the lab and costs of bioinformatic processing. Combining data from 

different sources for analyses can introduce complications, though many of these can be avoided by 

working with only one type of genetic data, such as SNPs. Though there is a distinct possibility for 

combining data with different evolutionary histories and research applications, much care should be 

taken in understanding whether the application makes sense for both datasets, how to combine these 

datasets in a sensible way, and whether the results are reasonable given the aims. Currently it remains 

unclear if combining data from microsatellites (MS) to mitochondrial SNPs would be useful for 

detecting smaller scale differentiation patterns, within the more global distribution found across 

populations with purely mtDNA data. There are indications of success, but the dataset used to test 

this in Chapter 4 is limited in sample numbers and especially in regions of origin. 

 

Even with the advance and suggested increase of the use of WGS, Chapter 4 emphasises that 

mitochondrial DNA remains an appropriate and useful template for the exploration of phylogenetics, 

especially when looking into the past over several thousand years ago. The relative consistency of 

mutation rates across the genome and lack of recombination have made it a solid approach for a 

molecular clock. Equally it is a useful template for understanding recent introductions by modern 

migrants as the mitochondrial genome has a strong regional signature on a continental to countrywide 

scale. Another recent application of the mitochondrial genome is for detecting and identifying 

infections in patients, where two different sequences from the mtDNA appear better tools for 

diagnoses than the one currently used: SSU18 rRNA. 

 

In all, this thesis has shown strong connections between the large-scale early H. sapiens migratory 

movements and the spread of Plasmodium vivax across the Eastern Hemisphere. In addition, it 

provides more resolution around regions in East Asia that are, and could be, connected to more recent 

past migrations. Lastly, the resolution and strong regional fingerprint of Pv detects recent 

introductions of Pv between global regions, such as introductions from Melanesia to the Philippines, 

Central Asia and Iran seen in Chapter 2. Though resolution between mutational steps is around 

10,000 years, the assumption is that population dynamics would have caused older introductions to 

be either removed or assimilated. Single or minimal presence of certain haplotypes is therefore 

assumed to be an indication of relatively recent introduction. This variety in levels of distinction and 
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the understanding of mutational rates across the genome make mtDNA a good template for studying 

the connection between Pv and human migration movements.  

 

Lastly, the extended exposure of human populations to malaria and its strong selective pressure on 

human genetics provides another avenue for further research into their connected pasts. Genetic 

adaptations to malaria provide a time-frame estimate for exposure to the disease. In addition, the 

prolific variation found in these adaptations can indicate historic connections between populations. 

Examples of this include the presence of the Southeast Asian Ovalocytosis antigen in both Pacific 

and certain East Asian populations, and the presence of both sickle-cell anaemia and the same Duffy 

negative antigen in Africa and Afro-American populations. 

 

In all, this thesis has provided a broad framework for further research. It has confirmed historical and 

evolutionary influence on the geographical variation patterns seen in the Pv mitochondrial genome, 

and identified at least two major contributors: early Homo sapiens dispersal patterns, and the 

distribution of anopheline vector species. In addition it has identified regions of high interest 

regarding genetic patterning in Pv, such as East Asia, Island Southeast Asia and the India/Bangladesh 

divide. It is hoped that the results from this thesis will contribute to a broad variety of further inquiry 

into malaria genetics and human population dynamics in the future. 
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APPENDIX  S2.1 

Table S2.1 
Mastermix and thermocycle are the same for the amplification of both halves of the mitochondrial genome. 
S2.1.1. Mastermix reagents, concentrations and volumes for the PCR amplification of the P. vivax mitochondrial genome.  
S2.1.2. Thermocycle protocol for the PCR amplification of the P. vivax mitochondrial genome.  
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APPENDIX  S2.2 

 
Table S2.2 
Sample origins and sample sizes of P. vivax across the Eastern Hemisphere. Italic & starred samples are new data from this thesis; others 
were sourced on Genbank from referenced publications. Geographic groupings for different sections of data analyses are given too. 
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Table S2.3 
BEAST2 run information for phylogenetic tree. 
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APPENDIX  S2.4 

Table S2.4 
Overview of human population origins and sites, and divisions for data processing.  
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APPENDIX  S2.5 

Table S2.5 
Table of P. vivax population categories, region of origin, number of samples, coordinates, and geographic grouping. There are three 
geographic divisions: West of Bangladesh (W), East of India (E), and North of Southern China (N). The matrix shows geographic distances 
between populations in kilometers (km) on the upper half, and population genetic differentiation (DCH) on the bottom half.  
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APPENDIX  S2.6 

Figure S2.6a 
Correlations between geographic distance and population differentiation, divided into different cross-geographic groupings depending on the 
geographic location of the sampled population. East (E) denotes anything to the East from and including Bangladesh, except for the three 
North (N) populations to the north of southern China. West (W) denotes anything to the west from India, inclusive. Each data point is 
coloured according to the location of the two populations being compared (e.g. an population in the East compared to one in the west is 
green, east compared with east is blue, etc.  
 

 

 

Figure 2.6b & Table 2.6 Geographic distance versus genetic differentiation (DCH) 
Figure 2.6b: Correlations between geographic distance and population differentiation, divided into different cross-geographic groupings 
depending on the geographic location of the sampled population, as shown in Figure 7. ‘East’ denotes anything to the east of and 
including Bangladesh, except for the three ‘North’ populations to the north of southern China. ‘West’ denotes anything to the west from 
India, inclusive. Each data point is coloured according to the location of the two populations being compared (e.g. an population in the 
East compared to one in the west is green, east compared with east is blue, etc. as given in legend). Correlation slopes (lm) for each 
group are included. 
Table 2.6: Group size (n), Pearson correlation coefficients (r) and p-value (p) comparing within and between each geographical group 
(GeoGroup) in Figure 9. 
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APPENDIX  S2.8 

Figures S2.8a & S2.8b, Table S2.8 
 

 

Figure S2.8.  
 
a) Geographic distance and 
vector correspondence between 
sites. 
Shows the correlation between 
vector species overlap and 
distance. 
 
 
b) Genetic differentiation and 
vector correspondence between 
sites. 
The figure shows the correlation 
between population differentiation 
(DCH) and vector species overlap. 
Points are coloured according to 
cross-geographic categories, as 
shown in the Geography section 
(see Fig. 7). 
 
 
 
 
 
 
 
 
 
 
 
Table S2.8: Correlation 
coefficients for Figs. 2.8 
Sample size, Spearman signed 
rank correlation coefficients and 
p-values for the correlations 
between vector similarity with 
geographic distance (Vec_Geo) 
and with population genetic 
differentiation. 
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APPENDIX  S2.9 

Table S2.9 
Table of linear model F-statistic values for Pv mitochondrial DNA population genetic variation (PvDch) compared with: geography (Geo) & 
vector (Vec) for all Pv populations, and human genetic variation (HsDch) geography (Geo) & vector (Vec) for Pv populations corresponding to 
Hs populations. 
***, **, *, . denote levels of significance 
ss<10 indicates where sample size is smaller than 10 
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APPENDIX  S2.10 

Table S2.10 
Table of linear model analyses of variance (ANOVA) values for Pv mitochondrial DNA population genetic variation (PvDch) compared with: 
geography (Geo) & vector (Vec) for all Pv populations (PvAll), and human genetic variation (HsDch) geography (Geo) & vector (Vec) for Pv 
populations corresponding to Hs populations (PvHs). Analyses of geographic regional subsets are included (West and East of Bangladesh). 
***, **, *, . denote levels of significance 
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APPENDIX  S2.11 

Table S2.11 
Table of linear model analyses of variance coefficients for Pv mitochondrial DNA population genetic variation (PvDch) compared with: 
geography (Geo) & vector (Vec) for all Pv populations (PvAll), and human genetic variation (HsDch) geography (Geo) & vector (Vec) for Pv 
populations corresponding to Hs populations (PvHs). Analyses of geographic regional subsets are included (West and East of Bangladesh). 
***, **, *, . denote levels of significance 
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Figure S2.12 
 

 
 

  

 

 

Figure S2.12 Genetic differentiation in human versus P. vivax populations 
Genetic differentiation values (Dch) between human populations compared to those between P. vivax populations. The abbreviation of 
the populations compared is given in each data point. Data points are coloured according to cross-regional comparison, with regions 
divided similar to those in Figures 7 & 9: east, west and north, coloured yellow, blue and red respectively. The dotted line gives the lm 
correlation between the two datasets. 
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Table S2.13 
Overview of populations used for the P. vivax (Pv) and human (Hs) comparison, listing the names given to the populations when comparing 
both (“Combined Populations”), the names of the most similar Pv populations often used in this chapter (“Pv Pop Name”), the regions making 
up these populations (“Regions”), the number of samples (“Pv N”) and all the same for the human populations.  
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APPENDIX  S2.14 

Figure S2.14a 
Heatmap of Dch values of human (Hs) populations on the left and P. vivax (Pv) populations on the right. 
The interpopulation diversity for the original human population data is given as a heatmap of the Dch values 
between populations in Appendix S2.14, together with the Pv Dch heatmap. There are some notable differences and 
similarities between the two. The first is that though for humans the Melanesian clade falls into a category on its 
own, splitting directly from African clades, for Pv the Melanesian clade branches off the main clade and is closely 
connected to Myanmar with some close relations to mainland Southeast Asia. Instead, in Pv, the more separated 
clades are those from Eastern Asia (China, Korea) and island Southeast Asia. Similarities between the two include 
that there are two to three distinct groupings in the eastern Asian populations, with the southern Chinese 
populations grouping with at least one North Asian population and the Central East Asian populations (CEA in 
humans and CHGU in Pv) are not grouped with southern China. There is also a strong grouping of West, Central 
and South Asian populations in both datasets, which includes all African populations in Pv, and contains one 
African population (NAFR) in humans. Island Southeast Asia cannot be compared as there was no data for ISEA 
human populations. Mainland Southeast Asia only has one population representing the human data (CAB), which 
falls within the East Asian clade that also contains southern China. For Pv mainland Southeast Asia is grouped only 
with Bangladesh, and forms a clade between the African/Asian branch and Melanesia. Taken overall, there is 
similarity between the general structure of both datasets. 
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Figure S2.14b. P. vivax population differentiation 
Heatmap and dendrogram of DCH interpopulation differentiation values. Populations used as in Table 2, and Appendix S2.2 column 
‘Country 4 S#>4’. 
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Figure S2. 15 
Overview of data and references used for date estimates in Figure 17. 
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Figure S2.16 
Phylogenetic tree with posterior support values for branches, and time line for estimated age of split times in years ago. 
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APPENDIX  S3.1  

 

 
S3.1.1       S3.1.2 

 
 

 

Table S3.1 
Mastermix and thermocycle are the same for the amplification of both halves of the mitochondrial genome. 
S1.1. Mastermix reagents, concentrations and volumes for the PCR amplification of the P. vivax mitochondrial genome.  
S1.2. Thermocycle protocol for the PCR amplification of the P. vivax mitochondrial genome.  
 

Table S3.1.3 
3.1.3. Primers used for amplification and sequencing of the P. vivax mitochondrial genome. 
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Table S3.2: Geographical positions and ethnography for the known sample sites in Melanesia. Samples were taken from both coastal 
(mostly Austronesian) and inland (Papuan) populations, thus covering a representation of different human ethnicities. Only 7 samples 
from Vanuatu and 4 samples from the Solomon Islands were taken from previously sequenced data. Ethnographic information was 
taken from Lewis et al. 2015 and Merriweather et al. 1999, mtDNA and NRY data* from, Kayser et al. 2008 (Coastal, given here as 
Alexishafen; Highlands, given here as Sigimaru), Merriweather et al. 1999 (Madang); Vilar et al. 2008 (Wingei, close to the area given 
here as Maprik), van Oven et al. 2014 (Alotau), Delfin et al. 2012 (SOI**), Duggan et al. 2014 (SOI), Merriweather et al. 1999 (VAN**). 
*NB 1: Only data of known genetic heritage is given. Missing percentages are unknown or undetermined data in the literature. 
**NB 2: human reference samples across all populations, malaria samples only from Austronesian speaking populations). 
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APPENDIX  S3.3  

Methods: Phylogenetic Analyses Set-Up 

Table S3.3:  
 
To estimate the nucleotide substitution model of best fit, jModelTest 2.1.7 v20141120 (Guindon & Gascuel 2003, Posada 2008, Darriba et al. 
2012) was employed. All results pointed towards models with unequal base frequencies. A significant proportion of invariant sites, no 
heterogeneity across sites (gamma) and unequal substitution rates were estimated to have optimal fit.  
Several different nucleotide substitution (GTR (Tavaré et al. 1986) and HKY) and evolutionary clock models (strict clock and relaxed clock 
log normal) were run in BEASTv2.1.3 and compared in in Tracer v1.6 (Rambaut et al. 2014) through the Model Comparison AICM calculation 
(S.E. estimated from 1000 bootstrap replicates; Baele et al. 2012). An overview of the major runs and results can be seen in Appendix S3.3.  
Results for the strict clock were consistently stronger (higher AICM values). For each second model setting (round 2) two runs of 7.5x108 
were computed and the results were combined in LogCombiner v2.1.3 (Bouckaert et al. 2014). TreeAnnotator was used to combine 
generated trees with the Maximum Clade Credibility Tree setting, with Common Ancestor node heights, 75% posterior probability limit and a 
20% burn-in. Using Bayesian Skyline models implemented in Tracer v1.6 (Drummond et al. 2011, Ho & Shapiro 2011, Drummond & 
Bouckaert 2015) population size estimates over time were calculated.  
 

 
 

 

 



 xxvi 

APPENDIX  S3.4  

 
BEAST settings for estimating Papuan vs Austronesian optimal MRCA introduction times and molecular clock rates of Melanesian Plasmodium vivax. 
Given in bold are the age range estimates for the Melanesian clade that the mutation speed is fitted to. 
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Bayesian Skyline Plot of Estimated Population Sizes 
Overview of population size estimates over time, for the Melanesian and East & Southeast Asian region. Bayesian Skyline Plots for median population 
size estimates over time (years ago) for the entire region. 95% HPD intervals are given in blue. 
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Table S3.6.1: Within population diversity and differentiation statistics per region, calculated in dnasp5. For three regions (Total, Southeast 
Asia and Melanesia) comparative data has been given taken from Taylor et al. 2013. 

 
 
 
 
Table S3.6.2: Interregional population differentiation. Deletions in the sequence were considered as a fifth state. Fst values are given in the 
bottom left, Kst* values in the top right half of the table. Kst* values were all p>0.001 for 1000 repetitions permutation test, calculated in 
dnasp5. The four lowest Kst* values have been underlined; the four highest values have been put in bold font, to highlight the geographical 
connections and boundaries respectively for P. vivax mitochondrial genetics.  
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APPENDIX  S3.7  

Figure S3.7 
MCC tree of round 1a GTR CBS SC BEAST2 Bayesian Phylogeny, with posterior values of the branch nodes. Posterior values show support 
for the placement of a branch across all trees generated and range between 0 (no consistent support) and 1 (found in all trees). The low 
values seen here are due to the limited - or absent - amount of variation between the sequences, which means branches can easily swap 
between trees. Usually support below 0.7 is seen as low, but here even support of 0.1 is strong. This also causes some of the branches 
inverse, as precise time estimation becomes harder. 
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Table S3.8 
Overview of calculated divergence time estimates compared to those across published data of several species and archaeological estimates. 
Dates from this paper are at the bottom. 
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Consensus sequence generated from all P. vivax whole mitochondrial genome sequences available on Genbank (November 2014). The 
truncated sequence at the end is shown between parentheses. 
 
TTCCACTACCAAAATATAATCTCCTGTTCTAATGTTCTAGGGTTTTTCGCGTTTTTTCAGGAGAAATCCGTATATCGATGTTTTTAAAATCTACGCTATTGGATTC
AACGTCCAGGACTTCCTGACGTTTAATAACGATTTCTACTTCCAGCAGCCATTTTGGTTCAGCTACAAGTTCACTGTCAACTACCATGTTACGACTTCGCACCGA
CTGTTTTCTTTTACCTCACGAGTCGATCAGGAAGGTTTCATCCTTAAATCTCGTAACCATGCCAACACATAAGAACTTTTTAGGGAAGTTAAGGTGCTCAGGGT
CTTACCGTCGGGCCGTATGATTCCACATATTCATGGATAATTCTATTTATTAGGAGTCTCACACTAGCGACAATGGGGAAGTCGTTACACCGTTCATGCAGGAC
GGAGATTACCCGACAAGGAATTTTGCTACCTTAGGACCGTTTACGATACAGCCGCCGTTTATCATTGATGCCGGGCAGATGTCAGTAACTTGAACTATTCATC
GGAATTATCAGTGACTTGTGTTGTAACCTTACAGACGCTTCCAGAATATAACTTCTTATAAATGGTAGCGCCGGTTTCCCGGGTATCCAATCCAGTGCTCCATT
CAAGGCATAGAGACTCAGCCTGTGTTCAACTTTGTAGGATATATAATATAGCTTTTGGTATCTCGTAATGTAGAACAATAATGGGTTGACCGTCAAATCCTTTT
CATTAAAAGAGTGGACTAATGCCCAGCCAACACCATCCAATTTGATTGGGAATAATCTGTGTTACAATACTTTTTGATCCCAGGCTGGTAAAAAATGTAAACTT
TTAGCCCAAAAGAATAGAAACAGATGCCAGGCCAAAAACCCAAAAATAGAGCTATGACGCTATCAATTTGACAAGGCAGATAAATTCTTTCATAGAACTTAAC
GTTTCATCCTCCATACATAAATAAAACGGTAGATAGGGAACAAACTGCCTCAAGACGTTCTTAACCCAGCTCACGCATCGCTTCTAACGGTGAACTCTCATTCC
AATGGAACCTTGTTCAAGTTCAAATAGATTGGTAAGGTATAGCGTTTACTATCGAATGAAACAATGTATTCCACCGCTAGTGTTTGCTTCTAACATTCCACTTG
CTTATAACTGTATGGACGTAACCTCCAGGCAAAGAAAATGACCGGTCAAAACGGAATCAGTTAACTATGGATAGCTGATACTAACAATTTATCATTACTCAAG
TCAGCATAGTCTATATGAAGGTTTCTATGGAAACACACTTCCCTTCTCGCCATTTGATAGCGGTTAACCTTTCTTTTTCCTTACGTACTCTAGCTTTTAACACAAT
ATTATTGTCTATACTAGATACTATAGTTGAAACAGGACATATACATATATTCATTATTCTGAATAGAAAAAGAACTCTATAAATAACCATACAATTTCAACAAAA
TGCCAGTATAATATTGTAATTTGATCAGTATGAGGTAATACAATATAAGATATACCATATAATGAATATGACCATTCACTATTAGTATCATACATTTCAACTATT
CTTATAAAATATATTAATAATAATAATAAACCAACTATAACATGTGAAAAATGTAAACCTGTAACACAATAAAATAATGTACCAGATATAGCATCATTTATACA
ATATCCTAAATGTAAGTATTCAGTTGTTTGAAGTGATGCAAAACATTCTCCAAGTAAGTATATTATAAATACAATACTAGAAATTTCTAAACTCATTCCTTTTTCT
ATTAGAAATTGTAAACATGCTGTCATACATGATGCACTTGCTAAAATAAATGTAATAGTTAGAATTAACATTCTTGATGATGTTAAAATAATTCCTTCATTATAT
AATGGATATGGAGATAAACTAAAATGTAAAATACCCCAAAAATATGTAATAAATAATATTGCTTCAGATATAATTATAGATAACATTCCTGATACTAATGATGA
AAATATAGAATAAAAACTTTCTCTAATAGAATATACAAATATTATAAAAATAATAGGATTGAATGTAAATAAGATACCCACAGAAAAATATTTTAAAGATGTTC
CATATAATGATGTTAATGAAGGATAAGATACTAAATGTGCTTTAATATTATTATAGTTACTAAATATAAAAAATATATTTATAAGAACGGTGATTTTGTGTGCC
GTTAACATATAACGGTAAGAAGGTTCGCCGGGGATAACAGGTTATAGTATATATAGAGCTCAAATCTTTATATACTATTGGCACCTCCATGTCGTCTCATCGCA
GCCTTGCAATAAATTAATATTATTTAGCGTGTATTGTTGCCTTGTACACACCGCTCGTCACGCAAATTTATATTACTAAGATAAAGAACTCCAGGCGTTAACCTG
TAGAGTTGAGATGGAAACAGCCGGAAAGGAAATATTACGTCCAAATGATAAGAATATATATGAAATATACTAGCATGGGACTAAAAAATGTTATGTTGTTGG
TTTAAGCCCTTTTACCATACAAGAGATCGCGTACTTTGGACTGAAAAAAGCTGTGAGGAAACTACATTAAAGGAACTCGACTGGCCTACAATATAAGAACGAA
CGCTTTTAACGCCTGACATGGATGGATAATACTCGACTTTTCCAAAGTATAACCGCTGTCGCTGGGACTGTATGGATCGAATCTTACTTATTCATATCCAAGCC
TCACTTATTGTTAATTATATATTATATTTTTTTTGTTTTCAATAGATATACACTTATTACAAATTGCAATCATAAAACTTTAGGTCTATACTATTTATGGTTTTCATT
TTTATTTGGTAGTTATGGTTTTTTATTATCTGTTATTTTACGTACAGAATTATATTCTTCTTCTTTAAGAATAATTGCACAAGAAAATGTTAACTTATATAATATGA
TATTTACATTACATGGAATTATTATGATATTCTTTAATATAATGCCAGGATTATTTGGAGGATTCGGTAATTACTTCCTACCAATTTTATGTGGTTCTCCAGAACT
TGCATATCCAAGAATTAATAGTATATCTTTATTATTACAACCAATAGCTTTTATATTAGTCATTTTATCTACAGCAGCAGAATTTGGAGGAGGTACTGGATGGA
CTTTATATCCACCATTAAGTACATCACTTATGTCTTTATCTCCTGTTGCAGTAGATGTTATCATTGTTGGTCTTTTAGTATCTGGTATTGCTAGTATTATGTCTTCT
TTAAATTTTATTACTACTGTAATGCATCTAAGATCTAAAGGTTTAACACTTGGTATATTAAGTGTATCTACATGGTCATTAATAATTACATCTGTAATGCTATTAT
TAACATTACCTGTTTTAACAGGTGGTGTTTTAATGTTATTATCAGATTTACATTTTAATACATTATTTTTTGATCCTACATTTGCTGGAGATCCTATTTTATATCAA
CATCTATTTTGGTTTTTTGGACATCCTGAAGTGTATATTTTAATATTACCAGCATTTGGTGTTATTAGTCATGTAATATCTACAAATTATTGTAGAAGTTTATTTG
GTAATCAATCTATGATTTTAGCAATGAGTTGTATTGCTATATTAGGAAGTGTTGTATGGGCTCATCATATGTATACTACAGGTTTAGAAGTAGATACAAGAGC
ATTTTTTACATCTACAACTATATTAATATCTATACCTACTGGAACAAAAATATTTAATTGGATATGTACATATATGGGTAGTAATTTTGGTATAACTCATAGTTCA
TCTTTATTATCATTACTATTTATATGTACATTTACTTTTGGTGGTACTACAGGAGTAATATTAGGTAATGCAGCTATTGATATTGCATTACATGATACTTACTATG
TAATCGCTCATTTCCATTTTGTATTATCTATAGGTGCAATTATTGGATTGTTTACATTAGTAAGTAGTTTTCAAGAAAACTTTTTTGGTAAACATTTACGTGAAAA
TTCTATAATAATATTATGGTCAATCTTATTTTTTATTGGAGTTGTATTAACATTCTTACCTATGCATTTTCTTGGATTTAATGTAATGCCTAGACGTATTCCTGATT
ATCCAGACGCTTTAAATGGATGGAATATGATTTGTTCAATTGGATCAACAATGACTTTATTTGGTTTATTTATTTTTAAATAATATAAAATATTTTTTGTTTATAT
GAATTATTATTCTATTAATTTAGCAAAAGCACATTTATTAAATTACCCATGCCCATTAAATATTAATTTCTTATGGAATTATGGATTTCTTTTAGGTATTATATTCT
TTATACAAATATTAACAGGTGTATTTTTAGCAAGTCGTTATACTCCAGAAATATCTTATGCATATTATAGTATACAACATATTTTAAGAGAATTATGGAGTGGAT
GGTGTTTTAGATATATGCATGCTACAGGTGCATCTCTTGTATTCTTATTAACTTATTTACACATTTTAAGAGGATTAAATTATTCATATTTATATTTACCATTATCA
TGGATATCAGGATTAATCATATTTGCATTATTTATAGTTACAGCTTTTATAGGTTACGTTTTACCTTGGGGACAAATGAGTTATTGGGGTGCAACTGTTATAACT
AATTTATTATCTTCAATTCCAGTATTAGTAATTTGGTTATGTGGAGGATATACTGTAAGTGATCCTACAATTAAAAGATTTTTTGTATTACATTTTATACTTCCTT
TTGTAGCATTATGTATTGTATTTATACATATATTCTTTTTACATTTACATGGTAGCACAAATCCTTTAGGGTATGATACAGCTTTAAAAATACCCTTCTATCCAAA
TCTATTAAGTCTTGATGTAAAAGGATTTAATAATATATTTATATTATTCTTATTACAAAGTATTTTTGGTATAATTCCATTATCTCATCCAGATAATGCTATATTA
GTTAATACATATGTTACACCAATTCAAATTGTTCCTGAATGGTACTTTTTACCATTTTATGCAATGTTAAAAACAATACCTAGTAAAACAGCAGGTTTATTAATT
GTTTTAGCATCTTTACAATTATTATTTTTATTAGCTGAACAAAGAAGTTTAACTACTATAATACAATTTAAAATGACATTTGGTGCTAGAGAATATTCAGTACCA
ATGATATGGTTTATGTGTTCATTCTATGCTTTATTATGGATTGGATGTCAGTTACCACAAGATATTTTTATTTTATATGGTCGTTTATTTATAATATCATTCTTCTC
TAGTGGATTATTTGCACTTGTTCATTATAAAAGAACACATTATGATTACAGCTCCCAAGCAAACATTTAAATTACAAGGCTACGATAAGACGATATCTCTGAAT
ATTGAGCAGAACAATACAGACCGTAAGGTTATAATTATGTTAAAAGTTAGGATAATGAAATTATAGTTACCATAGCTGTAGATGGATGCTTCGATATATTATA
TATTTAAGTATTAATCGAGATTACATGCTCAGCCGCCAAAAATATAACGATATTATTACCGTACAAGCCGTTAGCAAGACATGATAGGGAGTTGACAAGTTAA
AGAAGTTCTGGTTTATAATAGATACGTTTTTAAAGTTAGGATGTATGGGATAATTGTAGTACACCTTAATTGGTTTAACTTTATTTGGTTTATAGATATTATGTT
CGGTATTGCATGCCTGGTGTTTTTAATTAAGACGCTGACTTCCTGGCTAAACTTCCCAATGATATATCTTCCAAATAGATTTCGCAGAAAACCGTCTATATTCAT
GTTTGATTGACCTTTAACCGCTAATTACGAATCTTCCAAGAATATTTCAAGAGTCCAAGGTTCGGTCTATAATTTTCCTG 
(TTCTGTAATTAGATCACATGTTTTATAGTTCATGGAGATATGACTATACCACTATTCATAGAGACAACTAATGGCATCTCTCTCGATTTCCAGATGTTGAGTTAC
TAAGAGGATTCTCTCCACACTTCAATTCGTACT) 
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CHAPTER IV 

APPENDIX  S4.1 

Table S4.1 

Table giving an overview of data from 72 publications of Plasmodium spp. genetics, ranging from 1984 till the present (2018). The table lists 
the genome studied (Genome), the specific region/gene/genome studied (Specific), the species involved (Species), the size of the genetic 
sequence used (Size) in kilo base pairs (kbp), the type of research undertaken (Function) and the publication the information was taken from 
(Reference). When a study involved more than one species or specific gene these have been listed on separate rows. 
The table is continued on the next page.  

*MOI: Multiplicity of infection. 
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APPENDIX  S4.2 

     

   

 
 

 

Figure S4.2 
Principle Component Analyses of a) combined mitochondrial genome and nuclear microsatellite data, according to the first three 
dimensions. The inserted bar graph indicates the levels of resolution provided by each principle component, up to 30 dimensions. 
b & c) shows the PCA for the combined data according to two axes for each graph: axes 1 & 2 in b), axes 2 & 3 in c).  
Colours are according to geographic origin as seen in Figure 2 of Chapter 4. 
 

a) b&c) 
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DNA - BY BTS 

 

Translation Korean Romanised	Korean
I	recognized	you	as	soon	as	I	saw	you 첫눈에 널 알아보게 됐어 cheonnune	neol	araboge	dwaesseo
As	if	we’ve	called	each	other 서롤 불러왔던 것처럼 seorol	bulleowatteon	geotcheoreom
The	DNA	in	my	blood	is	telling	me 내 혈관 속 DNA가 말해줘 nae	hyeolgwan	sok	DNAga	malhaejweo
That	it’s	you	who	I’ve	been	looking	for 내가 찾아 헤매던 너라는 걸 naega	chaja	hemaedeon	neoraneun	geol

Our	encounter	is	a	mathematical	formula 우리 만남은 수학의 공식 uri	mannameun	suhage	gongshik
The	law	of	religion,	the	ways	of	the	universe 종교의 율법 우주의 섭리 jonggyoye	yulbeob	ujuye	seobri
The	evidence	of	fate	given	to	me 내게 주어진 운명의 증거 naege	jueojin	unmyeonge	jeunggeo
You	are	the	origin	of	my	dreams 너는 내 꿈의 출처 neoneun	nae	kkume	chulcheo
Take	it	take	it Take it take it Take	it	take	it
My	hand	held	out	to	you	is	destiny 너에게 내민 내 손은 정해진 숙명 neoege	naemin	nae	soneun	jeonghaejin	sungmyeong

Don’t	worry	love 걱정하지 마 Love geokjeonghaji	ma	Love
Because	all	of	this	is	not	coincidence 이 모든 건 우연이 아니니까 i	modeun	geon	uyeoni	aninikka
We’re	completely	different	baby 우린 완전 달라 Baby urin	wanjeon	dalla	Baby
Because	we’ve	found	our	destiny 운명을 찾아낸 둘이니까 unmyeongeul	chajanaen	durinikka

From	the	day	the	universe	was	formed 우주가 생긴 그 날부터 계속 ujuga	saenggin	geu	nalbuteo	gyesok
Past	infinite	worlds 무한의 세기를 넘어서 계속 muhane	segireul	neomeoseo	gyesok
Probably	in	our	past	life	and	in	our	next	lives 우린 전생에도 아마 다음 생에도 urin	jeonsaengedo	ama	daeum	saengedo
We’ll	be	together	forever,	DNA 영원히 함께니까 DNA yeongweoni	hamkkenikka	DNA

Because	all	of	this	is	not	coincidence 이 모든 건 우연이 아니니까 i	modeun	geon	uyeoni	aninikka
Because	we’ve	found	our	destiny 운명을 찾아낸 둘이니까 unmyeongeul	chajanaen	durinikka
DNA DNA DNA

I	want	it	this	love	I	want	it	real	love I want it this love I want it real love I	want	it	this	love	I	want	it	real	love
I’m	only	focusing	on	you 난 너에게만 집중해 nan	neoegeman	jibjunghae
It	pulls	me	harder 좀 더 세게 날 이끄네 jom	deo	sege	nal	ikkeune
From	the	start,	my	DNA	wants	you 태초의 DNA가 널 원하는데 taechoye	DNAga	neol	weonaneunde
This	is	fate,	I	love	us 이건 필연이야 I love us igeon	piryeoniya	I	love	us
Only	we	are	true	lovers 우리만이 True lovers urimani	True	lovers

Every	time	I	see	her,	I	am	amazed 그녀를 볼 때마다 소스라치게 놀라 geunyeoreul	bol	ttaemada	soseurachige	nolla
It’s	so	strange, 신기하게 자꾸만 숨이 멎는 게 shingihage	jakkuman	sumi	meonneun	ge
my	breath	keeps	stopping 참 이상해 설마 cham	isanghae	seolma
Is	this	the	love	that	I’ve	only	heard	about? 이런 게 말로만 듣던 사랑이란 감정일까 ireon	ge	malloman	deutteon	sarangiran	gamjeongikka
Because	from	the	start,	my	heart	only	beats	towards	you 애초부터 내 심장은 널 향해 뛰니까 aechobuteo	nae	shimjangeun	neol	hyanghae	ttwinikka

Don’t	worry	love 걱정하지 마 Love geokjeonghaji	ma	Love
Because	all	of	this	is	not	coincidence 이 모든 건 우연이 아니니까 i	modeun	geon	uyeoni	aninikka
We’re	completely	different	baby 우린 완전 달라 Baby urin	wanjeon	dalla	Baby
Because	we’ve	found	our	destiny 운명을 찾아낸 둘이니까 unmyeongeul	chajanaen	durinikka

From	the	day	the	universe	was	formed 우주가 생긴 그 날부터 계속 ujuga	saenggin	geu	nalbuteo	gyesok
Past	infinite	worlds 무한의 세기를 넘어서 계속 muhane	segireul	neomeoseo	gyesok
Probably	in	our	past	life	and	in	our	next	lives 우린 전생에도 아마 다음 생에도 urin	jeonsaengedo	ama	daeum	saengedo
We’ll	be	together	forever,	DNA 영원히 함께니까 DNA yeongweoni	hamkkenikka	DNA

Because	all	of	this	is	not	coincidence 이 모든 건 우연이 아니니까 i	modeun	geon	uyeoni	aninikka
Because	we’ve	found	our	destiny 운명을 찾아낸 둘이니까 unmyeongeul	chajanaen	durinikka
DNA DNA DNA

Don’t	look	back 돌아보지 말아 doraboji	mara
Because	we’ve	found	our	destiny 운명을 찾아낸 우리니까 unmyeongeul	chajanaen	urinikka
Don’t	regret	it	baby 후회하지 말아 Baby huhoehaji	mara	Baby
Forever 영원히 yeongweoni
Forever 영원히 yeongweoni
Forever 영원히 yeongweoni
Because	we’re	forever 영원히 yeongweoni
together 함께니까 hamkkenikka

Don’t	worry	love 걱정하지 마 Love geokjeonghaji	ma	Love
Because	all	of	this	is	not	coincidence 이 모든 건 우연이 아니니까 i	modeun	geon	uyeoni	aninikka
We’re	completely	different	baby 우린 완전 달라 Baby urin	wanjeon	dalla	Baby
Because	we’ve	found	our	destiny,	DNA 운명을 찾아낸 둘이니까, DNA unmyeongeul	chajanaen	durinikka,	DNA

La	la	la	la	la La la la la la La	la	la	la	la
La	la	la	la	la La la la la la La	la	la	la	la
Because	this	isn’t	a	coincidence,	DNA 우연이 아니니까, DNA uyeoni	aninikka,	DNA

La	la	la	la	la La la la la la La	la	la	la	la
La	la	la	la	la La la la la la La	la	la	la	la
Because	this	isn’t	a	coincidence 우연이 아니니까 uyeoni	aninikka
DNA DNA DNA
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