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Abstract 
 
Animal-infecting trypanosomes amongst subgenus Nannomonas pose severe threats to food security 
across Sub-Saharan Africa, yet the species associated with these infections have been largely left be-
hind in the modern era of trypanosome research, with only a handful of incomplete genomic se-
quences available. The objective of this investigation was to characterise a similarly ignored portion 
of the trypanosome genome – the minichromosomes (MCs) - for six taxa within subgenus Nannomo-
nas, and to compare them to the better known T.b. brucei MCs. MCs are highly repetitive, linear chro-
mosomes involved in the process of antigenic variation, acting as VSG gene libraries. The traditional 
karyotype visualisation technique Pulsed Field Gel Electrophoresis (PFGE) was refined for the compar-
ative analysis of MCs belonging to the Nannomonas species and findings of species-specific MC size 
classes were used to guide the recovery of minichromosomes from whole genome sequence data. A 
bioinformatic pipeline for the extraction, assembly and annotation of MCs from PacBio genome data 
was generated. This was more successful for some species than others, which in itself reflected spe-
cies-specific differences in MC structure. Statistical comparisons characterised these differences in 
detail and annotation of assembled MC contigs showed that they also displayed species-specific dif-
ferences in gene content. These findings challenge our previous understanding of MC structure and 
genesis, highlighting the importance of avoiding inter-specific generalisations based on T. brucei and 
providing direction for further investigation. 
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Chapter 1. Introduction        
 
1.1  African Animal Trypanosomiasis and its impact  
 
Nagana or African Animal Trypanosomiasis (AAT) is a fatal wasting disease of livestock, transmitted 

cyclically from tsetse fly (Glossina spp.) to mammalian host. The causative agents Trypano-

soma spp. are unicellular haemoparasites, which also infect humans with Human African Trypanoso-

miasis (HAT) or Sleeping Sickness across the tsetse belt of sub-Saharan Africa.  

Trypanosomes have complex life cycles, characterised by the presence of stage-specific de-

velopmental forms. The morphology of these forms varies between species but the sequence of 

events remains relatively conserved between the tsetse-transmitted species:  as a tsetse vector bites 

a host, infective metacyclic trypanosomes enter the host’s skin tissue, where they multiply by binary 

fission, before differentiating into bloodstream form trypanosomes. Bloodstream forms are carried 

throughout the body via the bloodstream and localise in several possible regions, including myocardial 

blood vessels (Batista et al., 2019) and the central nervous system (Zweygarth et al., 1987), causing 

varying levels of disease. Whilst some infected animals may remain asymptomatic due to possessing 

a trypanotolerance trait (Murray et al., 1990), others are severely affected, becoming anaemic and 

immunosuppressed (Taylor and Mertens, 1999). When a tsetse fly takes a bloodmeal from the in-

fected host, the bloodstream form trypanosome is ingested, and it differentiates into a procyclic form 

in the tsetse midgut, before migrating and attaching higher up in the digestive tract as an epi-

mastigote where it goes on to develop into the infective metacyclic form (Matthews, 1999; Coustou et 

al., 2010). Hybrid and population genomics studies have also proved that some species of trypano-

some undergo sexual reproduction when inside the tsetse fly as epimastigotes and procyclics (Gibson 

and Bailey, 1994; Tihon et al., 2017).  

Research on trypanosomiasis has primarily been directed towards human-infecting species, 

allowing T.brucei to become the top model in our understanding of trypanosome biology. However, a 

95% decline in the number of reported cases of HAT between 2000 and 2018 (World Health Organi-

sation, 2018) means that the burden of trypanosome infection on human health is near eradication. 
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Conversely, the effects of AAT remain pressing.  AAT is one of the most dangerous disease threats to 

livestock (Auty et al., 2015) limiting livestock production in the 10 million km² tsetse-endemic zone 

(Bossche and Delespaux, 2011) of Africa, where camels, horses, sheep, goats, pigs and >46 million 

cattle are at risk of contracting the disease (Kristjansen et al., 1999). Of all animals used in African 

agriculture, cattle are the most heavily relied on - producing both milk and meat for human consump-

tion, which means that the disease poses an immediate threat to human food security (Haile-Meskel, 

2016). Although it is difficult to know precise prevalence figures for AAT over the continent due to the 

sheer mass of sampling that would be required, case studies have demonstrated a prevalence in cattle 

of 15% in the Tororo district of Uganda (Muhanguzi et al., 2014) and 27.08% in Cameroon (Nimpaye et 

al., 2011), representing East and central parts of the tsetse belt. Although already alarming, these data 

are likely to be under representative of the prevalence of AAT in all domestic animals across Africa 

due to the limited number in both host and trypanosome species sampled.  

Diseases affecting livestock decreased agricultural productivity by up to 30% in developing 

countries (Food and Agriculture Organisation, 1990). The direct effects of AAT on cattle include re-

duced growth of adult animals, reduced grazing levels (Wacher et al., 1994), reduced milk yield, lower 

calving rates and an increase in calf mortality. This results in at least a 50% reduction in the yield of 

meat and milk available for human consumption. Indirect effects of AAT on agricultural productivity 

are mostly concerned with a reduction in number of cattle available for animal powered mechanisa-

tion, which reduces the efficiency of crop cultivation (Swallow, 2000). There are also constraints on 

human migration and colonisation of areas where AAT is prevalent (Reid et al., 1999). The threat of 

AAT means that administering trypanocidal drugs is common practice amongst African farmers, cost-

ing the agricultural industry up to $4.5 billion per year (Haile-Meskel, 2016). The cost of treatment 

combined with costs of vector control and cattle loss is estimated to be up to $2.8 billion in East Africa 

(Shaw et al., 2014), affecting the welfare of both producers and consumers across the continent. Im-

plementing sufficient control measures is crucial in alleviating the burdens of economic loss and fam-

ine caused by AAT.  
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Although T. brucei does infect livestock, other trypanosome species have more devastating 

effects, such as the widespread bovine-infecting T. congolense, which is more prevalent in cattle 

than T. brucei (Desta et al., 2013). As the differences between human-infecting and livestock-infecting 

trypanosome species have been elucidated, it has become clear that findings gained from study-

ing T.brucei may not be generalisable to other species. T. brucei belongs to subgenus Trypanozoon un-

like T. congolense and other livestock-infecting trypanosomes such as T. simiae and T. godfreyi, which 

all belong to subgenus Nannomonas. A range of biological differences between the subgenera have 

been noted. In terms of the parasite lifecycle, T. congolense epimastigotes and metacyclics develop in 

the proboscis of the tsetse fly instead of the salivary glands as in T. brucei (Peacock et al., 2012). Sev-

eral surface protein differences have been noted between the two species (Gibson et al., 2017) in 

addition to observed differences in metabolism (Ryley, 1956; Silvester et al., 2018). In more recent 

years, next generation sequencing technologies have revealed that T. congolense and T. brucei ge-

nomes display differences in the classes of variable surface glycoprotein (VSG) genes involved in anti-

genic variation as well as their locations and expression sites (Jackson et al., 2013). These differences 

are unsurprising considering the fact that different trypanosome species infect different hosts and 

therefore must be specialised to do so. However, what is surprising is that existing literature on the 

subject reflects a somewhat limited understanding of this host specificity. This is perhaps because 

much of what we know about AAT as a disease is built upon generalised findings from human-infecting 

or one or two animal-infecting species, with few attempts having been made to investigate the spe-

cies-specific differences between these parasites. Considering a broader range of the trypanosome 

species that contribute towards the AAT burden may provide a more complete picture of the disease, 

particularly when it comes down to understanding pathogenicity mechanisms.  
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1.2 Trypanosome species classifications and distributions  

1.2.1 Taxonomy and phylogenetic relationships  

Vertebrate-infecting trypanosomes are uniflagellate protozoa belonging to the class Kinetoplas-

tea and the genus Trypanosoma, which is monophyletic (Simpson et al., 2002; Hamilton et al., 2004). 

This diverse genus contains both intracellular and extracellular parasites, with widely varied geograph-

ical distributions and host ranges. Trypanosomes that infect mammals are often classified according 

to their mode of transmission - Stercorarians are species transmitted via the hindgut of blood sucking 

insect vectors, whilst Salivarians are species transmitted via the mouthparts of biting insects, devel-

oping in the anterior part of the digestive tract (Haag et al., 1998). The species that cause African 

trypanosomiasis in both humans and animals lie within the extracellular Salivarian clade, which con-

sists of four subgenera. These are Trypanozoon, Nannomonas, Pycnomonas and Duttonella (Haag et 

al., 1998, Gibson et al., 2007). The advancement of molecular species identification techniques has 

enabled new species to be discovered and taxonomic classifications previously based on morphologi-

cal data to become more refined (Gibson et al., 2001; Adams et al., 2010; Enyaru et al., 2010).  Mem-

bers of subgenus Trypanozoon include the three sub-species of T. brucei: T. b. gambiense, which 

causes chronic HAT in Western and Central Africa; T. b. rhodesiense, which causes acute HAT in East-

ern Africa and T. b. brucei, which causes AAT (Gibson, 2007). Also belonging to subgenus Trypano-

zoon are T. evansi, which infects several wild and domestic animal species but not humans 

(Desquesnes et al., 2013) and T. equiperdum, which infects horses. The subgenus Nannomonas con-

tains animal-infecting trypanosomes only, although there have been reported cases of T. congo-

lense infection in humans (Truc et al., 2013). Nannomonas encompasses T. congolense, T. godfreyi, 

T. simiae and T. simiae tsavo. T. congolense infects cattle and small ruminants as well as wild animals 

such as rodents, ungulates and primates, which all act as wild reservoirs for the parasite (Njiokou et 

al., 2004). T. godfreyi , T. simiae and T. simiae tsavo are predominantly suid-specific species, which in-

fect wild suids (Claxton et al., 1992; Kaare et al., 2007) and cause fatal disease in domestic pigs 

(Janssen and Wijers, 1974; McNamara et al., 1994; Zweygarth et al., 1994). Pycnomonas contains the 
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recently rediscovered suid-specific T. suis (Hutchinson and Gibson, 2015) and Duttonella contains the 

widespread bovine-infecting T. vivax (Gardiner, 1989).  

 

1.2.2 A closer look at subgenus Nannomonas  

Although Trypanozoon species are the most extensively researched of the Trypanosoma genus, Nan-

nomonas is of particular interest when considering AAT. This heterogenous subgenus (Table 1) con-

tains species that cause disease in a wide range of hosts as well as species that appear to be highly 

specialised to only infect or cause fatal parasitaemia in a limited number of host species. There is also 

variation in the levels of virulence between species and sub-types that share host ranges and appear 

morphologically identical (Bengaly et al., 2002).  

Following the discovery of several behaviourally distinct species belonging to subgenus Nan-

nomonas in the early 1900s, Hoare (1972) concluded that some of these species were synonymous 

to T. congolense and that T. congolense and T. simiae were the only two species that could be for-

mally defined. Comparisons of their enzyme profiles using isoenzyme electrophoresis confirmed their 

independent status from each other (Gashumba et al., 1986a). T. simiae was initially thought to only 

infect pigs, with no effect on bovids (Stephen, 1966; Gashumba, 1988) but this has been challenged 

by observation of a T. simiae prevalence rate of 22% in cattle in Sudan (Salim et al., 2011). This study 

however did not report whether the cattle were symptomatic and to what level, so it is possible that 

the fatal effects of T. simiae infection are only restricted to pigs. Less virulent strains of T. simiae have 

also been identified (van Dijk et al., 1973). It seems that although some level of host-specificity has 

been observed, the host-parasite dance is perhaps not a simple species-specific matter. It is also un-

known whether the variation in pathogenicity levels between T. simiae strains is caused by genetic 

variation within the genome of the parasite or that of the host species, or an interaction between the 

two.  

T. congolense was split into the two subtypes Savannah and Forest due to distinct variation 

between the enzyme profiles of East and West African T. congolense isolates (Young and Godfrey, 
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1982), suggesting that variation between the isolates may be accounted for by their geographical 

origin. Comparative DNA typing studies confirmed these findings, providing evidence that the genes 

encoding proteins involved in antigenic variation differed between isolates from different regions 

(Majiwa et al., 1986). Further analysis of zymodeme variations between a greater number of stocks 

revealed that the Western and Eastern groupings were still too simplistic to account for the diversity 

observed within T. congolense (Gashumba et al., 1986b).  Since then, an accumulation of data has cor-

roborated that taxonomic distinctions within the species correlate more closely with their specific 

ecological origin (Majiwa et al., 1992), with T. congolense isolates each being classified as one of the 

three subtypes: T. congolense Kilifi, T. congolense Forest or T. congolense Savannah. Epidemiological 

surveys of T. congolense infection in tsetse flies across Africa complicated this ecological biome-based 

classification system by identifying the presence of subtypes in biomes different to those in which 

they were discovered, as well as the presence of multiple subtypes in the same area 

(Majiwa and Otiento, 1990; Solano et al., 2001). Comparative molecular studies on T. congolense un-

covered significant differences between the three subtypes - T. congolense Kilifi has notably 

larger minichromosomes than do T. congolense Forest and T. congolense Savannah (Garside et 

al., 1994) and all three subtypes have different characteristic satellite DNA sequences (Gibson et al., 

1988), which have been used to identify them in the wild. T. congolense Savannah and T. congo-

lense Forest have been identified in multiple wild animal species with T. congolense Forest appearing 

to have a wider host range (Njiokou et al., 2004). In domestic animals, both species infect sheep, goats 

and pigs (Gashumba et al., 1988) and all three T. congolense subtypes are prevalent in cattle (Gilling-

water et al., 2010). When experimentally infected with one of the three subtypes, cattle infected 

with T. congolense Savannah suffered more than those infected with either of the other subtypes, 

which recovered after three months (Bengaly et al., 2002).  Phylogenetic studies based on SSU rRNA 

and GAPDH genes consistently placed the subtypes into separate clades (Stevens and Gibson, 1999; 

Hamilton et al., 2004).  Despite the differences in behaviour, genetics, epidemiology and pathogenicity 

between the T. congolense subtypes, whether the level of divergence between them is suitable to 

designate them as separate species remains unclear.  
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 Table 1 Classifications and characteristics of species and subtypes within subgenus Nannomonas. The three T. 
congolense subtypes have similar host ranges yet some unique characteristics are present. Similarly, T. godfreyi 
and the two T. simiae taxa all infect pigs but display notable genomic differences. 

 

 In 1995, restriction fragment length polymorphism (RFLP) analysis of a newly identi-

fied T. congolense stock characterised it as a unique genotype that did not fit into any of the exist-

ing T. congolense subtypes. It was designated as a new type and named after the region of Kenya it 

was discovered in – T. congolense Tsavo (Majiwa et al., 1993). Subsequent phylogenetic analysis of 

SSU rRNA sequences re-designated this new discovery as T. simiae Tsavo due it having to a greater 

sequence similarity to T. simiae than to T. congolense (Gibson et al., 2001). This species has since been 

identified in regions other than that in which it was discovered, including Uganda (Magona et al., 

2003), Tanzania (Malele et al., 2003) and Zambia (Dennis et al., 2014), proving it to be more wide-

spread than first thought.  

As the existence of a growing number of Nannomonas species was elucidated, it became ap-

parent that the development of species identification tools would be crucial for gaining an accurate 

understanding of the species that exist and their relatedness. Morphological identification could not 

be relied on considering that Nannomonas species are difficult to distinguish from each other. Identi-

fying trypanosome species based on where in the tsetse flies they are located (Lloyd and Johnson., 

1924) also has limitations, as it cannot distinguish between the T. congolense subtypes and other Nan-

nomonas species that inhabit the same sites in the digestive tract of the tsetse fly. Species-specific 

DNA probes developed in the 1980’s have proved an invaluable resource, used for decades following 

their advent to diagnose trypanosome infections in livestock (Enyaru et al., 2010). These probes are 

Species Subtype Unique characteristics Domestic animal hosts 
T. congolense Forest Wide host range and distribution Cattle, sheep, goats, pigs 

Savannah Most virulent of the T. congolense subtypes to cat-
tle 

Cattle, sheep, goats 

Kilifi Larger minichromosomes than the Forest and Sa-
vannah T. congolense subtypes 

Cattle, sheep, goats 
 

T. godfreyi Many large minichromosomes Pigs 
T. simiae Often causes fatal disease in pigs but some strains 

are less virulent 
Pigs, cattle 

T. simiae Tsavo Originally classed as another T. congolense subtype, 
re-classified due to having SSU rRNA more similar 
to that of T. simiae than T. congolense 

Pigs 
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short (120-600 bp) repetitive DNA sequences with a high copy number obtained from nuclear genetic 

material that had been enzymatically digested and separated on a density gradient gel (Kukla et al., 

1987; Gibson et al., 1988). The application of Polymerase Chain Reaction (PCR) enabled the develop-

ment of highly sensitive species identification assays using the satellite DNA probes (Masiga et al., 

1992).   

The final subgenus Nannomonas species to be discovered was isolated from tsetse flies dur-

ing epidemiological screening in The Gambia for all species for which probes had been developed. The 

new isolate did not hybridize with any of the existing probes (McNamara et al., 1989; McNamara & 

Snow, 1991) and a new specific DNA probe was developed (McNamara et al., 1994). RFLP and karyo-

type analysis revealed that the new isolate was easily distinguishable from other Nannomonas species 

due to possessing a previously unseen set of enzyme banding patterns and large, abundant minichro-

mosomes (McNamara et al., 1994). T. godfreyi is widespread and has been found in Eastern and West-

ern Africa (Lehane et al., 2000; Malele et al., 2003), causing acute infection in pigs.  

Although useful as tools for species identification due to their species-specific variation in se-

quence, the satellite DNA sequences used as probes are not of much use in determining the related-

ness of the species within subgenus Nannomonas. The satellite sequences are short, repetitive and 

non-coding, so they do not generate much phylogenetic signal. Additional species-specific DNA 

probes were developed for this purpose, based on spliced leader gene repeat and glutamine and ala-

nine rich protein (GARP) sequences. Spliced leader gene repeats are small (35 nucleotides in length) 

sequences located at the 5’ ends of messenger RNAs in the cytoplasm (Walder et al., 1986). Their 

genomic transcript is derived from approximately 200 tandem DNA repeats – also known as the mini-

exon gene repeats (De Lange et al., 1983).  GARP is a surface glycoprotein expressed only by T. congo-

lense epimastigotes (Garside and Gibson, 1995; Butikofer et al., 2002). Comparisons of the mini-exon 

gene sequences between all the Nannomonas species provided evidence that most closely related 

groups were T. congolense Savannah and Forest, with T. congolense Kilifi being as far distantly related 

to them as it is from the other Nannomonas species (Figure 1) (Garside and Gibson., 1995). This study 

also identified the presence of a conserved GARP gene across all three T. congolense subtypes, which 
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did not exist in any other Nannomonas species, providing the only evidence that T. congolense Kilifi 

may be related to the other T. congolense subtypes rather than being a separate species, as the pre-

viously discussed evidence suggested (Gibson et al., 1999; Hamilton et al., 2004).  

Attempting taxonomic classification at the sub genus level has proven a useful line of inquiry 

throughout the history of trypanosome research in that it enabled the discovery of new species. That 

being said, conflicting conclusions arising from different methodological approaches to classify Nan-

nomonas species have not been completely resolved. As is true of any phylogenetic investigation, it is 

important to highlight that these analyses serve as a framework for pointing researchers to-

wards compelling biological questions rather than definitive conclusions other than the evolutionary 

relationships between taxa. In themselves, these relationships fail to provide a full understanding of 

the complexity of the underlying biology such as why there is a level of host-specificity, and the pro-

cesses of genome evolution involved. When reviewing T. congolense variation, Majiwa (1992) stated 

that understanding the genetic population structure of the species and its subtypes in the future may 

be achieved “by the global comparative analysis of the genomes of the parasites”, which may also be 

true at the subgenus level. One method of achieving such comparisons would be to use a greater 

range of strains to recreate previous trypanosome phylogenetic reconstructions based on conserved 

Figure 1 Phylogenetic relationships between the main taxa within subgenus 
Nannomonas (green), redrawn with permission from Gibson et al. (2007). 
This representation has been drawn to represent species relevant to the pre-
sent investigation, based on alignments of 18S rRNA sequences previously 
published by Malele et al. (2003).  

 
Figure 2 Phylogenetic reconstruction of species within subgenus Nannomo-
nas (green), using T.b rhodesiense from subgenus Trypanozoon as an out-
group. This phylogeny has been redrawn to represent species relevant to this 
investigation, based on alignments of GAPDH gene sequences previously 
published by Hamilton et al. (2004). Branch labels are bootstrap support val-
ues (%). T. godfreyi was not included in this analysis in the original publica-
tion and T. simiae Tsavo was labelled as T. congolense Tsavo, but here it has 
been labelled to reflect the revised species designation by Gibson et al. 
(2001) 

 
Figure 2 Typical T. brucei bloodstream form variable surface glycoprotein 
(VSG) expression site (BES) (A) and metacyclic form expression site (B), re-
drawn from Bangs (2018) and Borst and Ulbert (2001).Figure 3 Phylogenetic 
relationships between the main taxa within subgenus Nannomonas (green), 
redrawn with permission from Gibson et al. (2007). This representation has 
been drawn to represent species relevant to the present investigation, based 
on alignments of 18S rRNA sequences previously published by Malele et al. 
(2003).  

 
Figure 4 Phylogenetic reconstruction of species within subgenus Nannomo-
nas (green), using T.b rhodesiense from subgenus Trypanozoon as an out-
group. This phylogeny has been redrawn to represent species relevant to this 
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genes such as SSU rRNA and GAPDH (Haag et al., 1998; Hamilton et al., 2004). However, such an in-

vestigation would not provide any answers regarding the molecular basis of traits such as virulence, 

host range and specificity, which appear to vary greatly between the Nannomonas species. To obtain 

such answers, it seems pivotal that we have a clear understanding of the mechanisms involved in the 

host-parasite battle and their genomic basis. Such knowledge is likely to provide insight into the di-

rection towards which comparative genomics studies should be focused to understand these mecha-

nisms from an evolutionary perspective.  

 

1.3 The host-parasite battle  

The extracellular nature of animal-infecting trypanosomes renders them vulnerable to the host’s im-

mune response throughout the infective cycle in the blood, lymphatic fluids and later in the cerebro-

spinal fluid. To combat this, African trypanosomes evolved several mechanisms for evading the mam-

malian humoral immune response. The mechanism that has been the most well characterised is that 

of antigenic variation in T. brucei. Once the infective metacyclic forms develop in the tsetse fly, each 

parasite expresses many copies of a single variable surface glycoprotein (VSG) on its surface mem-

brane, with the population in the vector expressing a total of approximately 15 different VSGs (Le-

nardo et al., 1984). After entering the host’s bloodstream, these metacyclic VSGs continue to be ex-

pressed for up to seven days before they are switched to bloodstream form VSGs (Esser et al., 1982). 

The parasite then continually changes the molecular structure of its cell surface by sequentially switch-

ing the VSG that it exposes to the host. These surface antigens are attached to the outside of the 

trypanosome membrane by glycosylphosphatidylinositol (GPI) anchors (Pays et al., 1994). Approxi-

mately 107 (Cross, 1975) rod-like (Blum et al., 1993) VSG molecules form a densely packed protective 

coat, preventing host antibodies from accessing the non-variant antigens underneath. Even if the in-

fected host initiates an effective antibody response against the VSG that is expressed, periodic switch-

ing of the specific expressed VSG causes a change in the primary structure of the surface coat, enabling 
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the trypanosome population to remain a step ahead and circulate throughout the body of the host 

establishing a chronic infection.  

Much of the early research on this mechanism was focused on trypanosomes belonging to 

subgenus Trypanozoon. Bloodstream form T. b. rhodesiense changes the VSG it expresses at a rate of 

about 10-3 changes per cell, per division (Turner and Barry, 1989) and the ge-

nome of T.b brucei TREU927 contains at least 806 VSG genes (Berriman et al., 2005). 2563 complete 

and partial VSG genes have been identified in strain Lister 427 (Cross et al., 2014). Metacyclic form 

trypanosomes prepare to enter the mammalian bloodstream whilst inside the tsetse fly – a single VSG 

gene is switched on and the VSG is expressed. Metacyclic form expression sites (MESs) (Figure 2) are 

positioned adjacent to telomeres on the major chromosomes and they consist of a functional VSG 

gene with a promoter located upstream from it (Borst and Ulbert, 2001). Throughout the infective 

cycle of bloodstream form trypanosomes in the host, only one VSG is transcriptionally active at a time 

whilst the rest remain silenced. This monoallelic form of gene expression is not uncommon in medi-

cally relevant protozoan parasites that undergo antigenic variation – the malaria parasite Plasmodium 

falciparum also expresses one variable surface protein at a time (Guizetti et al., 2013), as does the 

intestinal parasite Giardia lamblia (Prucca and Lujan, 2009) as a means of host immune evasion. The 

epigenetic mechanisms involved in silencing expressed variable antigen genes are well understood for 

all these parasites and vary greatly between them. They include telomere position effect in T. 

brucei (Yang et al., 2009), methylation in P. falciparum (Jiang et al., 2013) and RNA interference in G. 

lamblia (Prucca et al., 2008). In T. brucei rhodesiense, active VSGs are positioned adjacent to the telo-

meres at one of the 20 bloodstream form expression sites (BESs) (Figure 2) on the major and interme-

diate chromosomes (Marcello and Barry, 2007). The active BES is 40-65 kbp in length (Pays and Nolan, 

1998) and is transcribed as a polycistronic unit by RNA Polymerase I (Günzl et al., 2003), which also 

transcribes metacyclic VSGs in the tsetse fly as monocistronic units (Kolev et al., 2017). Important 

structural components of the T. brucei BES transcription unit are the telomeric repeats, the RNA pol-

ymerase I promoter, the VSG, a 70 bp repeat sequence and expression site associated gene (ESAG) 
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arrays (Borst and Ulbert, 2001), which includes genes encoding surface proteins such as transferrin 

receptors (Young et al., 2008).  

Trypanosomes have been experimentally observed to use various methods for switching the 

VSG gene that is transcribed in the active BES, including transcriptional switching (Borst, 1986) 

and more commonly - recombination-based methods (Borst and Ulbert, 2001). There are several 

mechanisms that use recombination to enable VSG switching. In VSG gene conversion, a silent VSG 

gene located elsewhere in the genome is duplicated and inserted into the active BES, coinciding 

with the deletion of the previously active VSG. This method involves homologous recombination be-

tween regions upstream and downstream of the VSG genes being duplicated and switched, such as 

the telomeric repeats and the 70 bp repeat sequences that flank more than 90% of the VSGs in T. 

brucei (Marcello and Barry, 2007). These 70 bp repeat sequences are not present in T. congolense 

(Hovel-Miner et al., 2016). Reciprocal VSG recombination involves the crossover of chromosome ends 

that both have VSGs positioned next to the telomeres, resulting in a silent VSG gene becoming acti-

vated in the BES and the previously active VSG gene moving to a chromosome end that does not pos-

sess the active BES (Borst et al., 1996). In segmental gene conversion, mosaic VSG genes are formed 

from VSG gene segments or pseudogenes originating from various genomic locations being spliced 

together, which generates numerous possibilities in terms of antigenic variability (Barbet and Kamper, 

Figure 2 Typical T. brucei bloodstream form variable surface glycoprotein (VSG) expression site (BES) (A) and 
metacyclic form expression site (MES) (B), redrawn from Bangs (2018) and Borst and Ulbert (2001). BES’s con-
tain several expression site associated genes (ESAGs) and a tandemly repeated 70 bp repeat motif. Diagrams 
drawn approximately to scale – BES’s range from 45-65 kbp in length and MES’s range from 3-6 kbp (Kolev et 
al., 2017). 

 
Figure 5 Typical T. brucei bloodstream form variable surface glycoprotein (VSG) expression sites (A) and meta-
cyclic form expression sites (B), redrawn from Bangs et al (2018) and Borst and Ulbert (2001). 
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1993). This mechanism appears to be the preferred mechanism of T. brucei as it enters a chronic 

phase of infection within the host (Marcello and Barry, 2007). Not all VSG genes and pseudogenes are 

located at BES’s and the subtelomeric regions of the major and intermediate chromosomes of  Sali-

varian trypanosomes. Species belonging to subgenera Trypanozoon and Nannomonas, also possess 

small chromosomes or ‘minichromosomes’ (Weiden et al., 1991), which contain a “silent archive” of 

VSG genes without promoters (Ersfeld et al., 1999) at each of the telomeric ends (Williams et al., 

1982).  

In understanding the molecular mechanisms involved in the interactions of trypanosomes 

with their hosts, particularly those involved in evading the host’s immune response, it becomes ap-

parent just how well adapted these parasites are to their multi-host life cycle. T. brucei models provide 

insights into how these mechanisms change over the course of the infective cycle, allowing the para-

sites to survive in two completely different environments – the digestive tract of the insect and the 

bloodstream of the mammal. It must be acknowledged however that the relevance of these models 

to species outside of subgenus Trypanozoon is limited, which is of particular concern on our pursuit 

to understand host-parasite interactions in livestock-infecting species such as T. congolense that has 

a wider host range and other Nannomonas species that are able to cause varying levels of virulence 

in different host animals.  

Fortunately, researchers have utilised emerging technologies in the post-genomics era to 

begin to identify where gaps may exist in our understanding of trypanosome immune evasion. Whole 

genome sequencing has enabled the revelation of striking contrasts between Trypanozoon and Nan-

nomonas genomes in terms of the VSG gene families present. The T. brucei genome contains two 

types of VSG families – a-VSGs and b-VSGs, defined by the protein’s N-terminal domain types (Mar-

cello and Barry, 2007), whilst T. congolense has two b-VSG subfamilies and no a-VSGs at all (Jackson 

et al., 2012). This comparative genomics study by Jackson et al (2012) also characterised VSG phylog-

enies. The findings revealed that T. brucei displayed a greater frequency of recombination within the 

gene families than did T. congolense, suggesting that the mechanisms for generating antigenic diver-

sity may differ between Trypanozoon and Nannomonas (Jackson et al., 2012). It is not surprising that 



   
 

   
 

26 

between-sub-genus or perhaps even between-species differences in the genomic basis of immune 

evasion exist, considering that different trypanosome species come into contact with slightly different 

immune responses depending on their host species. All mammalian immune systems are made up of 

the same components but comparisons of the genomic basis of these components reveals that they 

often have distinct evolutionary histories in different species, such as the genes that encode natural 

killer cell receptors in cattle and pigs (Bailey et al., 2013). When reviewing the necessity of increasing 

research focus on AAT-causing trypanosome species, Morrison et al. (2016) proposed that bovid ul-

tralong CDR3 domain antibodies may be involved in their immune response to trypanosome burden 

and investigating whether they interact with VSGs in any particular way may reveal an interesting 

story of host-parasite evolution. It is this level of enquiry that may prove essential in generating more 

accurate Nannomonas phylogenies or in proving existing ones to be correct whilst adding contextual 

meaning to their frameworks. Detailed understandings of the evolutionary history of Nannomo-

nas trypanosomes may lead to more specific host-parasite approaches to developing AAT-combatting 

tools against each trypanosome species. Nevertheless, it is important not to jump ahead in pursuing 

these approaches when trypanosome genomes have still not been fully characterised, especially those 

of Nannomonas species.    

 

1.4 The trypanosome genome  

The body of knowledge about trypanosome DNA has been developed over many decades, with in-

creasingly detailed findings occurring as technology for investigating genetic material advanced. Initial 

investigations were not focused largely on nuclear DNA but on the mitochondrial genome of the par-

asite - DNA that resides in the kinetoplast, or kDNA (Riou and Pautrizel., 1969). The kinetoplast is 

an organelle located inside the mitochondria possessed by all trypanosomes and other members of 

the class Kinetoplastea. Each mitochondrion contains a single kinetoplast, which consists of a network 

of circular DNA molecules. There are two types of kDNA molecule: ~23 kbp maxicircles, which en-

code ribosomal RNAs (rRNAs) and proteins involved in mitochondrial respiration (Simpson, 
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1987; Aphasizheva et al., 2020) and ~1 kbp minicircles, which encode guide RNAs involved in the post-

transcriptional editing of maxicircle transcript products (Hong and Simpson, 2003).   

In addition to their mitochondrial genome, trypanosomes also have a complex nuclear ge-

nome. Early knowledge of this was based on studies investigating specific, functional genomic struc-

tures such as the BES (Pays et al., 1989). Microarray studies enabled the identification of genes ex-

pressed at different trypanosome life stages and major chromosomes have been sequenced and 

mapped (El-Sayed et al., 2000; Berriman et al., 2005). Despite such extensive efforts at characterising 

the genomes of different trypanosome species conducted by researchers employing a wide range of 

technologies over the years, there remains gaps in our knowledge, specifically in terms of the Nanno-

monas genomes. There is only one annotated reference genome sequence available, representing a 

single T. congolense subtype: T. congolense Savannah IL3000 (Jackson et al., 2012). Illumina data from 

a number of other T. congolense Savannah and T. congolense Forest isolates has been mapped to this 

reference (Jackson et al., 2012; Tihon et al., 2017).  

 

1.4.1 Chromosomal karyotype  

Trypanozoon and Nannomonas nuclear genomes consist of linear chromosomes of three size clas-

ses.  Prior to the development of the chromosome-sized molecule fractioning method known as 

pulsed field gradient electrophoresis (PFGE), it was impossible to gain an accurate understanding of 

the number and sizes of trypanosome chromosomes as they do not condense during mitosis and 

therefore cannot be visualised individually under the microscope (Vickerman and Preston, 1970). Re-

striction endonuclease mapping of VSGs and other known trypanosome genes provided some clues 

about chromosome structure, including the fact that some VSGs are located on chromosome ends 

(Williams et al., 1982), but it was not until PFGE was invented and applied to trypanosomes (Schwartz 

and Cantor, 1984; Van Der Ploeg et al., 1984) that the chromosomes could be visualised, and their size 

classes were defined. Chromosomal size classes were quantified based on the respective migration 

distances of DNA molecules within a sample through an agarose gel subject to electrical fields of 
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alternating polarities. Smaller molecules migrate further down the gel, whilst longer ones remain near 

the top as it takes more time for them to adjust to field direction switches (Schwarz and Cantor., 1984). 

The first application of PFGE to the T. brucei nuclear genome revealed that it consisted of over a hun-

dred chromosomes that fitted into one of three size classes: the megabase or major chromosomes (1-

6 Mb), the intermediate chromosomes (200-900 kbp) and the minichromosomes (50-150 kbp) (Van 

der Ploeg et al., 1984). PFGE also provided opportunities for experiments involving blotting and hy-

bridization with known gene probes that generated further conclusions on the nature of the trypano-

some genome, including: the fact that housekeeping genes and active BESs are located only on the 

major chromosomes (Gibson and Borst, 1986; Melville et al., 1998; Borst et al., 1998); VSG gene loca-

tion (Melville et al., 2000) and the revelation that there are eleven megabase chromosomes in T. 

brucei (Melville et al., 1998) that are all diploid, with many homologs that are different sizes to each 

other (Gottesdiener et al., 1990). These 11 chromosomes are numbered from one to eleven, from 

smallest to largest size, which are ~1 Mb and >6 Mb respectively in T. brucei (Melville et al., 1998; 

Turner et al., 1997). There are however considerable size differences between the chromosomes of 

different stocks and species (Melville et al., 1999).  

PFGE was also applied to various Nannomonas species, revealing that T. simiae, T. god-

freyi and all T. congolense subtypes displayed a similar pattern of chromosomal size classes as those 

discovered in T. brucei, with variation in the sizes of their minichromosomes and in predicted numbers 

of intermediate chromosomes (Garside et al., 1994; Gibson and Borst, 1986). T. simiae appeared to 

have the smallest minichromosomes with some that were less than 50 kbp in length, T. congolense Sa-

vannah and Forest minichromosomes were both between 50 – 100 kbp and those of T. congo-

lense Kilifi and T. godfreyi were the largest at between 100 – 250 kbp (Garside et al., 1994). The 177 

bp satellite repeat species identification probe hybridized to T. brucei 427 minichromosomes but not 

those of species belonging to subgenus Nannomonas, proving that this probe is specific not only to 

the smallest size class of trypanosome chromosomes (Sloof et al., 1983), but also displays specificity 

on at least the subgenus level (Gibson and Borst, 1986).  
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1.4.2 Genome sequence  

Whole genome sequencing (WGS) and genome assembly technologies have enabled researchers to 

obtain knowledge about the origin, transmission and host adaptation of many zoonotic disease 

agents. Evolutionary genomics studies on severe acute respiratory system (SARS)-causing corona-

viruses have enabled researchers to understand the origin of the outbreaks, ultimately contributing 

towards successful control of them (Zhao, 2007; Benvenuto et al., 2020). Viruses are fast-evolving and 

have markedly different genomes compared to protozoan pathogens, yet they provide a useful model 

for understanding the utility of WGS in controlling disease outbreaks. Functional genomics studies 

on P. falciparum have also enabled researchers to gain a clearer understanding of pathogenicity 

mechanisms and aided the discovery of potential malaria drug targets (Mu et al., 2007).  

The T. brucei genome, which was published in 2005, was the first trypanosome genome to be 

sequenced using both shotgun sequencing and bacterial artificial chromosome walking methods (Ber-

riman et al., 2005). Sequencing of the 11 major chromosomes resulted in a number of novel findings 

relating to the biology of the parasite and the structure of its genome. These include the realisations 

that the 26 Mb genome consists of 20% subtelomeric genes and most VSG genes in are in fact 

pseudogenes rather than functional VSG genes (Berriman et al., 2005).  

It is still early days in terms of discovering host-specific pathogenicity mechanisms and their 

origins in the trypanosome genome. A promising beginning to this process occurred when the T. con-

golense IL3000 genome was sequenced using the same methods as those used to sequence T. brucei. 

The VSG gene repertoires of the two species were compared, uncovering differences between the 

families of VSG genes present and tracing the distinct evolutionary origins of their diversification (Jack-

son et al., 2012). Use of long-read sequencing later enabled the characterisation of T. congolense VSG 

gene expression sites, which are structurally similar to the telomeric BES’s previously modelled in T. 

brucei (Abbas et al., 2018). Interestingly, the majority of VSG genes present in the T. congolense ge-

nome were predicted to encode functional proteins, unlike those in the T. brucei genome that ap-

peared to be mostly non-functional. Additionally, the researchers proposed that the high conservation 

levels of non-coding elements located at these regions in both the major chromosomes and 
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the minichromosomes may indicate that they contain promoters and therefore are all able to actively 

transcribe VSGs (Abbas et al., 2018). It is yet to be confirmed whether T. congolense minichromo-

somes can express VSG genes rather than simply act as a reservoir of them that must undergo recom-

bination with the active BES as in T. brucei. The majority of the telomeric sequences described 

in T. congolense IL3000 were found on minichromosomes, which Abbas et al. (2018) identified in sin-

gle reads from the sequence data. This research has shone a light onto the minichromosomes – a com-

ponent of the trypanosome genome that has been mostly a side note in previous genomic studies. 

The remarkable differences in minichromosome size and structure between different trypanosome 

species has been acknowledged but not yet analysed in great detail. Such analysis is likely to be in-

formative considering the involvement of minichromosomes in antigenic variation.  

 

1.4.3 Minichromosomes  

The first minichromosome (hereafter abbreviated as ‘MC’) to be described was identified in an early 

VSG restriction endonuclease mapping study, in which there were two copies of a VSG gene at each 

end of a single DNA molecule in several T. brucei clones, located next to double strand breaks likely to 

represent chromosome ends (Williams et al., 1982). Karyotyping studies revealed that these small 

linear chromosomes were present in many Trypanozoon and Nannomonas species (Garside et al., 

1994; Gibson and Borst, 1986). The use of Southern blotting hybridisation techniques proved that 

the MCs contained species-specific satellite DNA sequences, which were utilised to generate probes 

for species-identification (Gibson et al., 1987; McNamara et al., 1989; Masiga et al., 1992).  

 The role of MCs as reservoirs of VSG genes (Van der Ploeg et al., 1984) appointed them as an 

essential component of the trypanosome genome. The probing of PFGE gels with known VSG gene 

sequences enabled researchers to track VSG gene-related genomic rearrangements, revealing that 

there is an active mechanism of VSG gene exchange between the subtelomeric regions of minichro-

mosomes and active telomeric BESs on major chromosomes (Robinson et al., 1999). Investigations of 

the mitotic mechanism of minichromosome segregation showed that they segregate with high levels 

of fidelity (Wickstead et al., 2003) due to associations with the mitotic spindle (Ersfeld and Gull, 1997), 
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which explained how individual trypanosomes are able to maintain high levels of VSG gene diversity 

within their minichromosome populations. 

When considering MC structure, the satellite DNA sequences may also be referred to as ‘core 

repeat units’ as they are tandemly repeated in the centre or ‘core repeat region’ of the MC (Figure 3), 

constituting approximately 55% of total MC DNA and possibly providing stability to MC structure dur-

ing mitosis (Wickstead et al., 2004). In T. brucei, the MC core repeat region has been described as a 

‘palindromic repeat’ as the 177 bp tandem repeat sequence was observed to be inverted at the centre 

of the core region, which may be a possible origin of replication in MC genesis (Wickstead et al., 2004). 

All species within subgenus Trypanozoon have MCs with a 177 bp repeat sequence (Gibson and Borst., 

1986), whereas each species within subgenus Nannomonas has a unique core repeat sequence.  In T. 

congolense Savannah, the core repeat region consists of 369 bp repeats (Kukla et al., 1987; Gibson et 

al., 1988) of up to 25 kbp in length (Abbas et al., 2018). Each taxonomic group within T. congolense 

has a unique core repeat unit, with that of T. congolense Forest being ~350 bp in length and that of T. 

congolense Kilifi being ~400 bp in length (Gibson et al., 1988). T. godfreyi has a 373 bp core repeat unit 

(Masiga et al., 1996) and T. simiae has one that is 500-600 bp in length (Majiwa et al., 1987; Masiga et 

al., 1992; Majiwa et al., 1993). Subgenus-level differences also appear to exist in structure of the entire 

core repeat region - unlike T.b brucei, which has mostly inverted core repeat regions (Wickstead et al., 

2004), T. congolense Savannah minichromosome core regions are rarely inverted (Abbas et al., 2018). 

The structure of core repeat regions in T. godfreyi and T. simiae MCs is unknown. 

Figure 3 A typical T. brucei minichromosome. There is a central inversion point in the core region - arrow direction 
indicates the orientation of the repeat sequence - flanked by VSG-gene containing subtelomeric regions and a telo-
mere at each end. Redrawn from Wickstead et al (2004). 
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MCs have the telomeric repeat sequence ‘CCCTAA’ at each end of the linear molecule (Gull et 

al., 1998), which is the same sequence that constitutes the telomeres of the major chromosomes 

(Blackburn and Challoner, 1984) and indeed the chromosomes of most kinetoplastids and eukaryotes 

(Van der Ploeg et al., 1984).  

Cultured T. brucei populations display great heterogeneity in the lengths of their MCs. This is 

less pronounced when analysing the minichromosomal karyotype of a single clone, which remains 

stable over ~360 generations (Alsford et al., 2000). The mechanisms responsible for MC length varia-

tions both within and between species are not clearly understood, however several theories have 

been proposed. Within-species length differences may be simply due to the shortening and lengthen-

ing of telomeric sequences over time (Alsford et al., 2000). These differences may additionally or al-

ternatively be caused by the frequent rearrangements of MCs undergoing recombination with other 

chromosome ends (Gibson and Borst, 1986), which may initiate changes in the total lengths of their 

core repeat regions. The core repeat region length appears to be the main determinant of MC length 

in T. congolense, with subtelomeric regions always measuring ~5 kbp in length (Abbas et al., 2018).  

Whilst MCs are generally considered as repertoires of silent VSG genes, Abbas et al. (2018) 

speculated that in T. congolense, they may possess active promoters and expression sites due to the 

presence of conserved non-coding elements adjacent to the core repeat regions amongst populations 

of MCs. These sequences are not present in T.b. brucei MCs and although there is no experimental 

evidence that they have any regulatory function, the fact that they are conserved across MCs may 

indicate some functional importance (Abbas et al., 2018). Whether this is related to VSG gene tran-

scription, the maintenance of MC structure or other unknown factors remains unclear. It is also un-

known whether T. godfreyi and T. simiae MCs possess similar conserved noncoding elements that may 

have regulatory function.  
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1.5 Aims and objectives  

The primary aim in conducting this project is to characterise the content and structure of minichro-

mosomes from populations of representative trypanosome isolates within subgenus Nannomonas 

and to draw comparisons between the species. This will be conducted on two levels of analysis: 

 

1.5.1 PFGE analysis 

The objectives in using PFGE are to refine the conditions used in previous karyotyping studies for de-

velopment of a method for the specific analysis of MCs, and to use this method for comparison of the 

minichromosomal karyotypes of representative taxa within subgenera Nannomonas and Trypano-

zoon.  

 

1.5.2 Bioinformatic analysis 

Bioinformatic tools will be tested on currently unpublished sequence data from the genomes of T.b. 

brucei and all species within subgenus Nannomonas, with the objective of developing a protocol for 

the assembly and annotation of minichromosomes. Detailed comparisons of all minichromosomal el-

ements will be drawn between the species, providing a clear picture of areas worth investigating fur-

ther in future study.  
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Chapter 2.  Pulsed field gel electrophoresis analysis 

2.1 Introduction 

Early comparisons of the karyotypes of species within subgenus Nannomonas provided vague indica-

tions of minichromosomal size distributions, with MCs being compressed at the end of the PFGE gels 

(Gibson and Borst, 1986; Garside et al, 1994). Although PFGE was subsequently utilised to produce 

more detailed separations of the minichromosomal portion of the karyotype, these studies have 

mostly been focused on T. brucei (Wickstead et al., 2004) or have been conducted for purposes other 

than comparative karyotyping, such as in minichromosome population analysis (Alsford et al., 2000).  

In the present investigation, the sets of PFGE conditions presented for optimal analysis of MCs 

were arrived at by modifying the conditions used in these previous studies in accordance with the 

knowledge that shorter switch times combined with shorter overall run times allows a greater level of 

separation of the smaller chromosomes in relation to that of the intermediate and megabase chro-

mosomes (Bio-Rad Laboratories Inc, 2011). Whilst the ultimate aim in producing PFGE gels is to char-

acterise the minichromosomal content of species amongst subgenus Nannomonas, images of all chro-

mosomal size classes will be valuable for gaining a perspective of minichromosomes in their wider 

genomic context.  

 

2.2 Methods 

2.2.1 Sample preparation 

 A total of fourteen samples were prepared for PFGE analysis using at least two representative isolates 

for each species within subgenus Nannomonas and one representative sample of T.b. brucei from 

subgenus Trypanozoon (Table 2). Lysis and deproteinization of DNA occurred in-situ in agarose blocks, 

which were prepared as described previously by Van der Ploeg et al (1984) at a final cell concentration 

of 5 x 107 trypanosomes per block.  
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2.2.2 PFGE parameters  

PFGE was conducted using a contour clamped homogenous electric field apparatus (Biorad CHEFDR-

III). Three different programs were used for the production of three gels displaying different levels of 

analysis. All gels consisted of 1% agarose and were run in 0.5 x Tris-borate-EDTA buffer at 12°C.  

For visualisation of the distribution of minichromosomal, intermediate and megabase chromo-

some size classes in the karyotype, chromosomal DNA from Hansenula wingei was used as a marker 

for fragment size and a three-phase programme was used:  

• Block 1: 

o Electrode switching time: 1800 s 

o Induced angle: 106° 

Classification Origin of isolation 

Subgenus Species Subtype Isolate Host Location Year Reference 

Trypanozoon T.b. brucei 
 

J10ᵃ Hyena Zambia 1973 Gibson & Borst, 1984 
 

Lister 427ᵇ Sheep Uganda 1960 Peacock et al., 2008 

Nannomonas T. congolense Forest ANR3ᶜ Tsetse The Gambia 1988 Garside et al., 1994 

TSW 103ᵃ Pig Liberia 1975 Garside et al., 1994 

Savannah IL3000ᵃ Cow Kenya 1966 Gibson, 2012 

GAM2ᶜ Cow The Gambia 1977 Gashumba et al., 1988  

1/148ᵃ Cow Nigeria 1960 Gashumba et al., 1988 

Kilifi WG84ᶜ Goat Kenya 1981 Garside et al., 1994 

ERA D1  a Tsetse Tanzania 2006 Adams et al., 2008 

T. godfreyi 
 

KEN7ᶜ Tsetse The Gambia 1988 Garside et al., 1994 
 

ERA F1  a Tsetse Tanzania 2006 Adams et al., 2008 

T. simiae 
 

TV008ᶜ Tsetse The Gambia 1985 Dukes et al., 1989 
 

ERA C2ᶜ Tsetse Tanzania 2006 Adams et al., 2008 

T. simiae Tsavo 
 

114ᶜ Tsetse Tanzania 2000 Hamilton et al., 2004 
 

KETRI 3436  a Tsetse Kenya 1970 Gibson et al., 2001 

ᵃ Analysed using PFGE  
ᵇ Analysed bioinformatically  
ᶜ Analysed bioinformatically and using PFGE 

Table 2 All isolates used in this analysis and origins of the samples. At least two representatives were used for each 
taxon studied using PFGE and some of these were also the isolates for which PacBio genome data was generated and 
assembled. 
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o Voltage: 2 V/cm 

o Time: 15 h 

• Block 2:  

o Electrode switching time: ramped linearly from 300 to 900 s 

o Induced angle: 106° 

o Voltage: 3 V/cm 

o Time: 32 h 

• Block 3:  

o Electrode switching time: ramped linearly from 60 s to 180 s 

o Induced angle: 120° 

o Voltage: 4 V/cm 

o Time: 8 h 

For closer comparison of minichromosomal and intermediate chromosome karyotypes, chromo-

somal DNA from Saccharomyces cerevisiae was used as a size marker and a single-phase programme 

was used: 

• Block 1:  

o Electrode switching time: ramped linearly from 20 s to 60 s 

o Induced angle: 120° 

o Voltage: 4.6 V/cm 

o Time: 32 h 

For detailed analysis of the minichromosomal karyotype and species-specific size distributions, a 

Midrange PFG marker (New England Biolabs) was used as a size marker and a single-phase programme 

was used: 

• Block 1:  

o Electrode switching time: ramped linearly from 1 s to 10 s 

o Induced angle: 120° 

o Voltage: 4.6 V/cm 
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o Time: 32 h 

Upon completion of PFGE, gels were removed from the tank and stained by submersion in 

500ml 0.5 x Tris-borate EDTA buffer containing 500µl ethidium bromide stock solution (1mg/L). The 

container was placed on a shaker and left overnight. 

 

2.3 Results and discussion 

The first set of conditions produced a satisfactory separation of all chromosomal size classes (Figure 

4A), revealing that the genomes of all species had small chromosomes (<1.05 Mb), although the T. b. 

brucei sample displayed a weak signal. Species within subgenus Nannomonas were uniformly stained 

and well-resolved: the brightest DNA bands for all species, indicating the most abundant chromosomal 

classes, were amongst the megabase chromosome region of 1.66 – 3.13 Mb and what appeared to be 

the minichromosome region, although the size marker was not sufficient to define these smaller DNA 

fragments. The brightest band on the gel existed within this region of the T. godfreyi ERA F1 sample, 

indicating that this isolate may have a greater number of MCs in comparison to the other samples 

tested. There was a notable absence of abundant DNA bands in the intermediate chromosome region 

(200 – 900 kbp) for all species.    

The general lack of intermediate chromosomes was confirmed by the gel produced under the 

second set of conditions (Figure 4B), which sufficiently restricted the migration of the megabase chro-

mosomes seen as bright bands of DNA near the top of the gel, whilst allowing separation of the inter-

mediate chromosome region. This portion of the karyotype appeared sparse for most species within 

subgenus Nannomonas. T. godfreyi, T. simiae and T. simiae Tsavo had no intermediate chromosomes, 

T. congolense Forest had one band at ~555 kbp, T. congolense Savannah had 1-5 bands ranging from 

300 – 610 kbp and one of the T. congolense Kilifi isolates had several bands ranging from 250 to 400 

kbp, whilst the other representative isolate from this subtype had none. All species had MCs < 225 

kbp in length. 



   
 

   
 

38                                                                                                                                                                                 

Figure 4 Comparisons of the molecular karyotypes of African Animal Trypanosomiasis (AAT)-causing trypanosomes. These agarose gels 
stained with ethidium bromide display the size distributions of: A = minichromosomes (<250 kb) in relation to the intermediate (~200 
– 900 kb) and some of the megabase (1 – 6 Mb) chromosomes; B = minichromosomes and some intermediate chromosomes and C = 
the most abundant minichromosomal bands separated at high resolution. Fragment size markers were chromosomal DNA from Han-
senula wingei (A), chromosomal DNA from Saccharomyces cerevisiae (B) and Midrange PFG marker (New England Biolabs) (C). Com-
pression of the megabase chromosomes (B) and the megabase and intermediate chromosomes (C) can be seen as bright bands across 
all samples near the top of the gels. The minichromosomes were compressed in gels produced using greater switch times (A and B) 
but have been well separated as a result of the shorter pulse frequencies generated by reducing switch times (C). Samples from left to 
right: T. b brucei: J10, T. congolense Forest: ANR3, TSW 103, T. congolense Savannah: IL3000, GAM2, 1/148, T. congolense Kilifi: WG84, 
ERA D1, T. godfreyi: KEN7, ERA F1, T. simiae: TV008, ERA C2, T. simiae Tsavo: 114, KETRI 3436. MCs = minichromosomes 

B. 

A. 

C. 
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Species Size range (kbp) 

T.b. brucei 70 - 100 

T. congolense Forest 35 - 130 

T. congolense Savannah 33 - 100 

T. congolense Kilifi 60 - 200 

T. godfreyi 70 - 200 

T. simiae 25 - 50 

T. simiae Tsavo 25 - 85 

 

The third set of PFGE conditions, which differed from the previous run only in that switch 

times were reduced, produced greater separation of the MCs for all species (Figure 4c) and the size 

marker used enabled precise definition of minichromosomal size distributions (Table 3). T.b. brucei 

MCs were 70 – 100 kbp. T. congolense Forest MCs (35 – 130 kbp) and T. congolense Savannah MCs 

(33– 100 kbp) existed within a similar size range, with the most abundant minichromosomal bands 

being at the lower end of the range (33-50 kbp).  The largest MCs were present in T. congolense Kilifi 

(60 – 200 kbp) and T. godfreyi (70 – 200 kbp). T. simiae had the smallest MCs (25 – 50 kbp), with T. 

simiae TV008 also having a notably distinct smaller band of ~20 kbp. T. simiae Tsavo MCs were 25-85 

kbp, with the brightest bands appearing at 30 – 40 kbp. T. simiae Tsavo KETRI 3436 displayed a weak 

signal in this gel, likely due to insufficient sample density, however the bands that are faintly visible 

appear to be congruent with those of T. simiae Tsavo 114. 

The MCs of T. congolense Kilifi, T. godfreyi, T. simiae and T. simiae Tsavo were relatively evenly 

distributed over their respective size ranges in comparison to T. congolense Forest and T. congolense 

Savannah, which appeared to have more distinct minichromosomal size classes. T. congolense Forest 

had two subsets of MCs – one of which ranged from 35 – 65 kbp in an even distribution and another 

that contained ~4 distinct bands within the 95 – 130 kbp range.  

Within subgenus Nannomonas, the minichromosomal karyotype mostly displayed species-

level specificity, with the exception of T. congolense, which displayed subtype-level specificity. Within 

this species, T. congolense Forest and T. congolense Savannah had the most similar patterns in MC 

Table 3 Fragment length ranges from minichromoso-
mal karyotypes of T.b brucei and all species from sub-
genus Nannomonas. 
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size distribution, with the MCs of T. congolense Kilifi being significantly larger and more evenly distrib-

uted within their size range. The T. congolense Savannah isolates displayed a greater degree of within-

subtype heterogeneity than the T. congolense Forest isolates, with T. congolense Savannah 1/148 con-

taining clear minichromosomal bands ranging from 85 – 97 kbp. These larger MCs were not present 

in T. congolense Savannah IL3000 or T. congolense Savannah GAM2. T. congolense Kilifi also displayed 

within-species heterogeneity in minichromosomal size, with T. congolense Kilifi ERA D1 possessing a 

smaller range of MCs (60 – 130 kbp) than T. congolense Kilifi WG84 (80 - >200 kbp).  

Considering that previous studies reported MCs of up to 250 kbp in T. congolense Kilifi and T. 

godfreyi (Garside et al., 1994), it is possible that this gel did not quite capture the full range of MCs for 

both of these species. The gel produced from the second set of conditions (Figure 4b) displayed chro-

mosomal bands between 200 – 300 kbp in T. congolense Kilifi WG84 and both T. godfreyi isolates, 

however these bands were faint in comparison to those displayed on the final gel that was used for 

size characterisation, suggesting that the majority of minichromosomes were in fact <200 kbp.  

The gels produced in this analysis have uncovered novel findings concerning the diverse na-

ture of MCs within subgenus Nannomonas, providing refined separations of various regions of the 

karyotype and the most detailed descriptions of the comparative size distributions of MCs to date.  

Previous estimates of the species-specific MC size distributions were revised due to the PFGE condi-

tions in this study enabling more specific visualisation of them. Some of these measurements were 

expanded upon, with 50-100 kbp in previous karyotyping studies of T. congolense Savannah (Garside 

et al., 1994) being measured as 35 – 130 kbp in the present study. Some previous estimates were 

refined, with T. simiae MCs ranging from 25 – 50 kbp here as compared to previous estimates of <50 

– 100 kbp (Garside et al., 1994). The measurements described in this investigation are likely to be 

more accurate than karyotyping studies that did not provide such a ‘zoomed in’ view of the MCs or 

did not use a size marker allowing the accurate measurement of fragments <250 kbp. However, it 

must be considered that the size distribution findings reported here may not be entirely generalisable 

on the species- and subtype- levels for those in which isolates displayed within-species karyotype het-

erogeneity. The within-species variation in the minichromosomal karyotypes of T. congolense 
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Savannah and T. congolense Kilifi is also a novel finding within this subgenus, although the same pat-

tern has been observed in T.b brucei MCs (Gibson and Borst, 1986). VSG gene exchange and the chro-

mosomal rearrangement that occurs as a result of it has been proven to cause variation in T. brucei 

intermediate chromosome lengths, which may explain why different isolates from the same species 

can display such vast differences in intermediate chromosome size class distributions (Van der Ploeg 

et al., 1984). Considering that MCs are subject to the same recombination processes, it is likely that 

the same explanation accounts for the dynamic nature of MC size distributions. The minichromosomal 

banding patterns in T. congolense Forest, T. godfreyi, T. simiae and T. simiae Tsavo were relatively 

constant between isolates within each species in the present study, but it may be necessary to analyse 

a wider range of isolates from each species to determine if this is truly the case.  

This analysis provided some useful baseline information for any comparative genomics studies 

that may be pursued in relation to trypanosomes from subgenus Nannomonas. It has enabled the 

identification of MCs and their size distributions within populations of all species from the subgenus. 

Future investigations may involve probing the southern blots of the PFGE gels produced here for 

known minichromosomal elements such as the respective core repeat sequences of each species. It 

would be interesting to discover whether these known structural components of MCs are entirely 

species/subtype specific or whether they also vary between MCs of different isolates or between MCs 

of different sizes within the same isolate. 
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Chapter 3. Assembly and annotation of minichromosomal 

genomes 

3.1 Introduction  

The currently published trypanosome genome assemblies contain only megabase chromosome data, 

with no MCs or intermediate chromosomes having been assembled and annotated. The T. congolense 

reference genome (IL3000) consists of assembled short read sequence data that was mapped to the 

11 megabase chromosomes of the T.b. brucei 927 reference genome, with remaining genomic frag-

ments placed in a ‘bin’ chromosome (https://tritrypdb.org/tritrypdb/app/record/da-

taset/DS_26f6be1159#GenomeHistory). The use of short-read sequencing combined with the nature 

of the intermediate and MCs are likely to have caused this exclusion of MCs from the assemblies. It is 

well known that short reads do not allow highly repetitive and low-complexity sequences to be re-

solved (Pollard et al., 2018). This is primarily due to the fact that short reads tend to be shorter than 

300 bp in length, which means individual repeat units longer than 300 bp are not resolved and repeat 

regions > 300 bp have no genomic context in the read pool. In contrast, long-read sequencing allows 

these long repeat units to be captured in their entirety. This has resulted in the development of higher 

quality, more repeat-inclusive de novo genome assemblies in the past decade (Huddleston et al., 

2014), including those of the intracellular animal-infecting trypanosomes Leishmania infantum and L. 

braziliensis (González-de la Fuente et al., 2017, 2019). More broadly, the ability of long reads to resolve 

repetitive regions has uncovered an abundance of information regarding different types of repetitive 

elements. These findings include the chromosomal locations of tandemly repeated genes in L. infan-

tum (González-de la Fuente et al., 2017), the reconstruction of transposable elements within Drosoph-

ila genomes (McCoy et al., 2014) and the resolution of long stretches of short tandem repeat se-

quences involved in human genomic disease (Schmidt and Pearson, 2016).  

The 177 bp repeat unit that forms the MC core region in T.b. brucei is estimated to constitute 

10-20% of the whole genome and the repetitive INGI/RIME transposable element contributes a 
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further 5% of genomic material (Bhattacharya et al., 2002). Considering these repeat elements alone, 

it is apparent that at least 25% of the T.b. brucei genome sequence is missing from the published 

reference genome assembly for the species (Berriman et al., 2005). A similar void is likely to exist in 

the T. congolense reference genome that was mapped onto that of T.b. brucei.  Given the importance 

of repetitive sequences in driving the genome evolution of parasitic protozoa (Wickstead et al, 2003), 

it seems imperative that long-read sequencing and repeat-friendly assembly methods ought to be 

used in future trypanosome genome projects. This is especially relevant to the intermediate and MCs, 

which should be fully characterised at the genomic level considering their pivotal role in antigenic 

variation.  

The application of long-read sequencing has already provided insights into MC structure, as 

they fall within the 10-80 kbp length range of reads produced by long read technologies (van Dijk et 

al., 2018). Recent research has identified MCs within single reads from PacBio long-read sequencing 

data for T. congolense IL3000 and T. congolense 1/148 (Abbas et al., 2018), yet this has likely only 

uncovered a small proportion of MCs and may not provide an accurate picture of MC sequences given 

the 11-15% error rate of PacBio long reads (Rhoads et al., 2015). Assembling MCs is necessary for 

resolving such errors, yet previous attempts at doing so proved unsuccessful (Cross et al., 2014).  

Genome assembly poses its own challenges in terms of fully resolving long, repetitive regions. 

Tandem repeats are prone to mis-assembly, whereby the repeated sequence is collapsed into a single 

copy (Treangen and Salzberg, 2012). Although there has been little effort at resolving the sequences 

and structures of repetitive regions in trypanosome reference genomes, it may be possible to physi-

cally map them using a combination of labour-intensive steps such as those conducted by Wickstead 

et al (2004) to construct the first high-resolution T.b. brucei MC maps. However, this would not pro-

vide the same level of information that bioinformatic approaches offer and long-read sequencing may 

provide a more efficient solution if there are reads long enough to span entire repetitive regions. As-

sembling long reads instead of short reads should also allow greater overlap of partial repetitive re-

gions captured within the single reads.  
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The PFGE analysis in Chapter 2 provided knowledge of MC size for various taxa in subgenus 

Nannomonas (Table 3). All species have abundant MC but MC size varies between species. T. congo-

lense Forest and Savannah groups have MC ~30-130 kbp, whilst T. congolense Kilifi and T. godfreyi 

MCs are larger at 60-200 kbp in length. T. simiae and T. simiae Tsavo MCs both have a smaller size 

range of 25-50 kbp and 25-80 kbp, respectively. The objectives of the analyses presented in this chap-

ter are (1) to recover a representative set of MCs from each taxon by mining PacBio long-read data, 

(2) to determine the structure of MC and the causes of length variation and (3) to identify the protein-

coding genes present on MC and compare between taxa. 

 

3.2 Methods 

3.2.1 Minichromosome recovery, assembly and annotation 

The long-read genomic sequence data for the seven taxa from subgenus Nannomonas (Table 2) used 

in this investigation was produced using SMRT sequencing technology (Pacific BioSciences, USA) as 

part of ongoing trypanosome genome projects by the Trypanosome Research Group at University of 

Bristol. Genomic data for T. b. brucei Lister 427 produced using the same methods was obtained from 

the European nucleotide archive via ENA accession number PRJEB18945 (Müller et al., 2018).  

For each species, MCs were obtained either from raw single genomic reads or from the as-

sembly of filtered read pools following a series of methodological steps optimised specifically for the 

sub-assembly of partial MC, using the highly repetitive telomeric and core repeat sequences (Figure 

5). Due to the complex and MC-specific nature of this sub-assembly protocol, preliminary investiga-

tions of various parts of the workflow were necessary to test which tools would yield the most useful 

(if any) results for MC sub-assembly. The assembly programs Flye (Lin et al., 2016) and Canu (Koren et 

al., 2017) were compared to discover which would assemble the greatest number of MCs for each 

species. Canu was chosen for MC sub-assembly as it was able to assemble complete MCs for all species 

amongst subgenus Nannomonas, whilst Flye did not assemble any MCs for T. godfreyi KEN7, T. simiae 

TV008 and T. simiae Tsavo 114. Canu was at least twice as effective at MC sub-assembly than Flye for 

all species, as determined by the number of complete MCs assembled from the read pool (Appendix 
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A, Table A1). Whilst these exploratory tests were conducted by myself, the final, automated sub-as-

sembly pipeline (Figure 5) was written by Dr Christopher Kay and included iterations of the assembly 

and filtering process for the optimal extraction of MC sequence-containing reads.  

  

 The numbered stages of the final pipeline represented in Figure 5 are as follows: 

1) Recovery of MCs captured within single reads  

MCs fall within the length range of reads produced using SMRT sequencing (10,000-80,000 bp), 

which enabled ‘single read MC’ sequences to be filtered out from the genomic read pools. Custom 

Bash scripting was used to search for all reads that contained the telomeric sequences ‘TAACCC’ 

Figure 5 Simplified bioinformatic workflow for the assembly and annotation of Trypa-
nosome minichromosomes from PacBio long read genome data. See text section  titled 
‘3.2.1 Minichromosome recovery, sub-assembly and annotation’ for detailed explana-
tion of each step and the programs used. Green arrowheads = MC repeat unit,  maroon 
rectangles = VSG and other genes, black circle = telomere. 
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or ‘GGGTTA’ (Van der Ploeg et al., 1984) within the first and last 500 bp of each read. Reads that 

contained telomeres at both ends were considered as ‘Complete MC’ before being manually in-

spected (step 4 below).  

2) Assembly of telomeric, core repeat region and arm reads 

An iterative process was used to produce partial and complete MCs from the assembly of reads 

containing telomeric, core repeat region and arm (the subtelomeric region running from the core 

repeat region to the telomere) sequences as follows:  

a) A pool of ‘telomeric reads’ was extracted by searching the PacBio data for reads that con-

tained the telomere sequence within 500 bp at either the beginning or end of the read. 

These telomeric reads were sub-assembled to produce the first pool of assembled com-

plete and partial MC contigs. Canu was used for all three rounds of sub-assembly using 

reads >500 bp (minReadLength=500) with a predicted genome size of 2000 kbp (ge-

nomeSize=2000k). The mhap overlapper was used (overlapper=mhap) with the following 

settings: utgReAlign=true, enableOEA=true correctedErrorRate=0.15. 

b) Core repeat region unit sequences were determined de novo by applying Tandem Repeat 

Finder (TRF) (Benson, 1999) to the smallest MCs assembled in (2a) using the following 

parameters: 2 (match), 7 (mismatch), 7 (indels), 80 (PM), 10 (PI), 100 (Minscore), 1000 

(MaxPeriod) -f -d -m -h.  The repeat sequences obtained were aligned and re-orientated 

using MAFFT v7.427 (Katoh and Standley, 2013) and then de-duplicated by clustering us-

ing CD-HIT (Li and Godzik, 2006) with a sequence identity threshold of 0.95. BLASTn 

v2.2.31+ (Altschul et al., 1990) was used to filter all ‘core repeat reads’ out from the PacBio 

data using the derived repeat sequence with an E-value of 10-7.  

c) The FASTA file of core repeat reads was concatenated to that of the telomeric reads and 

the combined reads were de-duplicated using CD-HIT (as above) and assembled using 

Canu (as above), producing a second pool of assembled complete and partial MC contigs. 

d) Partial MC contigs that contained either a core repeat region plus part of an MC arm or a 

telomere plus part of an MC arm were masked using TRF (Benson, 1999) so the repetitive 
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sequences were removed and only the unique ‘arm’ sequences remained. BLASTn 

v2.2.31+  (Altschul et al., 1990) was used to filter all ‘arm reads’ out from the genomic 

read pool using the derived arm sequences with an E-value of 10-7. The arm reads were 

concatenated with the core repeat reads and the telomeric reads and the combined read 

pool was then de-duplicated and assembled using the same methods as above, producing 

a third pool of assembled MC contigs. 

e) The FASTA files of assembled contigs from the three rounds of sub-assembly were con-

catenated and deduplicated as above, producing the final assembled pool of complete 

and partial MC contigs. 

3) MC annotation 

Whole and partial (H+ contigs; Figure 5) MCs were annotated by the Companion web server tool 

(Steinbiss et al., 2016) using Trypanosoma brucei TREU 927 as a reference species for extracting 

matching annotations using Rapid Annotation Transfer Tool (Otto et al., 2011). De novo gene pre-

diction by AUGUSTUS was enabled using a score inclusion threshold of 0.6. The list of proteins 

generated by Companion was filtered using tBLASTn (Altschul et al., 1990) with an E-value of 10-7 

against a database of annotated T. congolense IL3000 proteins (Jackson et al., 2012) which were 

acquired from TriTrypDB (Aslett et al., 2010). Clustering of filtered protein sequences was con-

ducted using C-HIT (Li and Godzik, 2006) with default parameters and any hypothetical proteins 

that had >90% sequence match to VSGs were declared as VSGs, as was the case for other proteins.   

4) Manual curation of single read and assembled minichromosomes 

MCs generated by the assembly pipeline were inspected by visual analysis of self-dot plots gener-

ated with FlexiDot using the default calculation parameters (Seibt et al., 2018). The purpose of 

this analysis was to contribute to a final contig filtering step, whereby the final populations of MC 

contigs presented here were manually curated for each species. Contigs were classed as genuine 

MCs and were included in statistical outputs if they contained only two telomeres (one for H and 

H+ contigs) and at least two complete copies of the core repeat unit. Contigs that contained mul-

tiple housekeeping genes and appeared to be assembled subtelomeric ends of major 
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chromosomes based on comparison of the annotated sequences to those on the T. congolense 

IL3000 major chromosomes (Jackson et al., 2012) using BLASTp (Altschul et al., 1990) were dis-

carded. Dot plots were also utilised to manually characterise some general structural features 

such as gene locations and the inverted structure of some core repeat regions. The repeat se-

quences detected in MC contigs in step 2b. were compared to the existing satellite repeat species 

identification probes using BLASTn (Altschul et al., 1990). 

 

3.2.2 Statistical analysis 

Some statistical measurements were generated as part of the sub-assembly pipeline by Dr Christopher 

Kay (unpublished). Other assembly metrics, such as assembled MC contig N50 and GC content of core 

repeat sequences, were generated using custom Python scripts. MC populations were assessed sta-

tistically in terms of three variables: MC length, core repeat region length and arm length. For each of 

these variables, univariate ANOVA tests and post hoc Tukey HSD tests were conducted using R project 

(R Core Team, 2013) to determine whether significant differences existed between species. Pearson 

correlation coefficient, r2 and p values were generated using the Python package Pingouin (Vallat, 

2018) to investigate whether the variables were related at the within-species level. Final statistical 

data visualisation plots were generated using the MatPlotLib Python library (Hunter, 2007).  
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3.3 Results and discussion 

3.3.1 Single read minichromosomes 

MCs that fell within the range of the length of the PacBio reads could be captured within single reads 

(Figure 6). These “single-read MCs” were filtered out from the genomic read pools and were con-

firmed to contain telomeric repeats within the first and last 500 bp of each read (Figure 5). Single read 

MCs were identified in raw reads at varying numbers per species (Table 4). The number of MCs filtered 

out of the read pool per species somewhat appeared to reflect the raw read pool size, except in T. 

simiae ERA C2, which had a disproportionately greater number of single-read MCs compared to the 

other species in relation to read pool size (Table 4). 217 MCs were filtered out from the 22.3 gbp read 

pool for T. simiae ERA C2, whereas only 53 were identified for T. congolense GAM2, which had only a 

B. 
T 

Core repeat region Sub-telomeric arm 
T 

Sub-telomeric arm 

A. 

Figure 6 Dotplot of a T. congolense Savannah single read MC (A) and rep-
resentative drawing detailing MC structure (B). This single read MC is ~28 
kbp in length with a central ~13 kbp core repeat region consisting of the 
369 bp satellite repeat sequence (non-inverted in this case) flanked by 
unique 7-8 kb subtelomeric arms and terminating with telomeric repeats 
‘GGGTTA’ at each end. T = telomere. 
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 slightly smaller read pool at 18.1 gbp. This may reflect the fact that T. simiae MCs are smaller than 

those of other species (Table 4) and so they are more likely to be captured within single reads. At the 

other end of the spectrum, only one MC was filtered out from the T. godfreyi KEN7 read pool, which 

may reflect the fact that this species has some of the largest MCs of all species tested (Table 4), so 

most would have been too large to have been captured within a single read. Thus, the viability of 

single-read analysis of MCs is species-dependent, providing useful results for species that have MCs < 

50 kbp but producing a limited yield of MCs for species in which they are mostly larger than this size, 

such as T. godfreyi and T. congolense Kilifi (Table 4, Figure 8).  

The process of filtering reads of a specific size range out of a read pool, which is inherent to 

MC analysis, depends largely on the quality and length of reads present in the sequence data. In this 

part of the analysis, the N50 statistic conventionally used to assess genome assembly quality acts as a 

measurement of the usefulness of mining the read pool for completely intact MCs. In the cases of T. 

congolense Forest ANR3 and T. simiae TV008, raw read pools were small (2-2.5 gbp) and N50 values 

were less than 50% of those for the other species, which all had N50’s greater than 20 kbp. The low 

N50 values for these two species indicate that there were fewer MC-length reads present in the read 

pools compared to those available for all other species. Despite similar N50 values (8.3, 7.9), filtering 

the T. simiae TV008 read pool resulted in the identification of 7x the number of MCs than the same 

Species PFGE size 
range (kbp) 

PacBio 
reads (gbp) 

Pacbio read 
N50 (kbp) 

No. single 
read MCs 

Assembled MCs 
Total no. 
whole MCs No. 

whole Whole N50 (kbp) No. 
partial 

Tbb 427 70 - 100 ? ? 10 8 42.1 62 18 

Tcf ANR3 35 - 130 2.1 7.9 2 12 31.5 129 14 

Tcs GAM2 33 - 100 18.1 21.4 53 207 29.2 118 260 

Tck WG84 60 - 200 9.8 21.6 4 18 77.9 263 22 

Tgo KEN7 70 - 200 6.0 23.6 1 15 72.0 248 16 

Tsi TV008 25 - 50 2.5 8.3 14 1 - 30 15 

Tsi ERAC2 25 - 50 22.3 25.9 217 3 76.0 25 220 

Tst 114 25 - 85 10.2 22.4 47 4 38.1 70 51 

Table 4 Minichromosomes identified in and assembled from genomic data for eight trypanosome isolates. 
Species abbreviations are: Tbb = T. brucei brucei; Tcf = T. congolense Forest; Tcs = T. congolense Savannah; 
Tck = T. congolense Kilifi; Tgo = T. godfreyi; Tsi = T. simiae; Tst = T. simiae Tsavo. ? = data not available. 
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process did for T. congolense ANR3 (14 compared to 2; Table 4), which may be due to the smaller size 

range of MCs in T. simiae compared to T. congolense Forest. It is important to note that single reads 

suffer a greater rate of sequencing error compared to assembled contigs generated by overlapping 

and correcting reads. This does not pose a significant limitation in terms of using single read MC to 

gauge the numbers and sizes of MC present in different species but it may hinder other levels of anal-

ysis such as open reading frame (ORF) prediction. 

A common feature to all species tested except T.b. brucei was that a number of chromosomes 

5-12 kbp in length existed in the read data. These very small chromosomes were not included in fur-

ther analysis as they did not contain core repeat regions and therefore could not be defined as true 

minichromosomes based on the accepted model of what constitutes an MC (Figure 3). In T. simiae 

and T. simiae Tsavo, several of these were 8 – 10 kbp in length and contained one or two copies of the 

core repeat unit; these were included in the analysis when they adhered to the criteria of what con-

stitutes an MC as defined in step 4 of the Methods section (3.2.1) above. 

 

3.3.2 Assembly of whole and partial MC 

Additional whole and partial MCs were assembled via the pipeline shown in Fig 5 as explained in the 

Methods section. Numbers of whole and partial (H+) MCs assembled for each species are shown in 

Table 4. The largest dataset was that of T. congolense Savannah GAM2, for which 207 whole and 118 

partial MCs were assembled. The assembly pipeline did not work as effectively for other taxa, partic-

ularly T. simiae and T. simiae Tsavo with only 1-4 complete MCs assembled for each, regardless of 

read pool size and quality.  

 Some assembled T. congolense Savannah, T. simiae and T. simiae Tsavo MC adhered to the 

existing T.b. brucei model of core repeat region structure (Wickstead et al., 2004), with the exception 

that the inversion point of the core repeat region was slightly off centre rather than completely central 

(Figure 7). 
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The total number of whole MCs recovered was the greatest for T. congolense Savannah GAM2 

(260) and T. simiae ERA C2 (220). For T. congolense Savannah, most whole MCs were recovered by 

assembly of the PacBio reads, whilst the majority of T. simiae MCs were recovered simply by filtering 

the PacBio reads. Considering that the size range of T. simiae ERA C2 MCs visualised by PFGE analysis 

was 25-50 kbp (Table 4), it is possible that all MCs for this species have been recovered as MCs ex-

tracted covered this size range (Table 5). For T. congolense Savannah GAM2, the sizes of MCs extracted 

bioinformatically (24.1 – 64.1 kbp) do not cover the known size ranges from PFGE analysis (33 – 100 

kbp), so it is unlikely that all MCs for this taxon have been uncovered, despite the high number of 

whole MCs extracted.  

Figure 7 T. congolense Savannah minichromosome that matched exist-
ing models of MC structure represented by A: a dot plot and B: a repre-
sentative drawing. 
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3.3.3 Length variation of MC 

The lengths of whole MCs were compared between taxa (Table 5, Figure 6). T. congolense Kilifi had 

the largest MCs with a median of 74.0 kbp, closely followed by T. godfreyi (median = 70.0 kbp), whilst 

T. congolense Savannah GAM2 had the smallest MC (median = 29.3 kbp). Although T. simiae TV008 

appeared to have the smallest MC (median = 8.5 kbp), the findings for this isolate may not be  

representative of the species due to the poor-quality sequence data. T. simiae ERA C2 MCs had a 

median length of 40.0 bp, which corresponds more closely to the PFGE findings for T. simiae MC length 

(= 25.0 – 50.0 kbp, Table 4).  

 These MC length findings are in broad agreement with the species-specific size patterns iden-

tified in the PFGE analysis (chapter 2.3). However, the MCs identified in raw read and sub-assembled 

data do not represent the larger end of the size range for all species except T. simiae. In PFGE images, 

T. congolense Kilifi and T. godfreyi clearly have multiple minichromosome bands between 100 – 200 

kbp in size (Fig 4, chapter 2.3). However, for both species, all MCs assembled were < 100 kbp in length 

(Figure 6).  

 Statistical analyses of MC lengths were carried out for all taxa, excluding T. simiae TV008. 

Species-specific differences in MC lengths were statistically significant at the p<0.05 level (F7, 663 = 

79.48, P = <2e-16; Appendix B, Table A2). Post hoc comparisons indicated that T. godfreyi and T. con-

golense Kilifi MC lengths were not significantly different from each other at the p<0.05 level but they 

Species MC length (kbp) Core length (kbp) Arm length (kbp) 

Median Range Median Range Median Range 

Tbb 427 37.3 21.3 – 53.6 15.8 0.5 – 36.4 8.4 2.1 – 40.1 

Tcf ANR3 32.3 21.8 – 44.5 10.3 1.0 – 27.1 9.6 6.2 – 16.4 

Tcs GAM2 29.3 24.1 – 61.3 14.1 0.7 – 68.0 7.9 5.1 – 30.3 

Tck WG84 74.0 42.4 – 112.3 23.5 1.6 – 56.7 30.1 0.8 – 54.5 

Tgo KEN7 70.0 43.4 – 91.2 20.4 2.0 – 53.0 25.8 9.7 – 63.1 

Tsi ERAC2 40.0 5.0 – 76.0 33.8 0.5 – 69.4 3.5 0.6 – 9.6 

Tst 114 34.7 8.0 – 79.7 25.6 0.5 – 100.9 3.5 0.9 – 7.5 

Table 5 Statistical measurements of minichromosome length, core repeat region length and sub-
telomeric arm length. Species abbreviations are: Tbb = T. brucei brucei; Tcf = T. congolense Forest; 
Tcs = T. congolense Savannah; Tck = T. congolense Kilifi; Tgo = T. godfreyi; Tsi = T. simiae; Tst = T. 
simiae Tsavo.  



   
 

   
 

54 

were significantly different from all other species, meaning that these two species can certainly be 

classed as having larger MCs than all other species within the subgenus. T.b. brucei and T. congolense 

Forest and Savannah MCs were not significantly different from each other in length but there were 

some significant differences between these species and T. simiae and T. simiae Tsavo, which were also 

not significantly different from each other in terms of MC length (Appendix B, Table A3).  

  

 

3.3.4 Core repeat region length variation  

Having established that there are substantial length differences in the MC from different taxa, the 

next question was to what extent the length of core repeat regions contributes to these size differ-

ences. Single read minichromosomes and complete and partial (H+; Figure 5) were included in this 

analysis. T. simiae ERA C2 MCs had the largest core repeat region with a median of 33.8 kbp (Table 5), 

while the smallest core repeat regions were those belonging to T. congolense Forest ANR3, with a 

median length of 10.3 kbp (Table 5; Figure 9).  

Figure 8 Species-dependent distributions of minichromosome length. Split violin plots encompass both sub-assembled 
(pink) and single read (green) whole minichromosome data. The sub-assembly protocol was ineffective for T. simiae and 
T. simiae Tsavo, despite the fact that minichromosomes were clearly present in the read pools for these species. Species 
abbreviations are: Tbb = T. brucei brucei; Tcf = T. congolense Forest; Tcs = T. congolense Savannah; Tck = T. congolense 
Kilifi; Tgo = T. godfreyi; Tsi = T. simiae; Tst = T. simiae Tsavo. 
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Some species- and sub-species-specific differences in core repeat region lengths were statis-

tically significant at the p<0.05 level (F7, 1423= 158.6, P = <2e-16; Appendix C, Table A4). Post hoc tests 

revealed that these differences existed between all three T. congolense sub-types (Appendix C, Table 

A5), however findings for T. congolense Forest were limited due to the previously discussed limitations 

with the sequence data. The mean core repeat region length for T. simiae Tsavo was significantly dif-

ferent to that of T. simiae (F7, 1423= 158.6, P= 0.000) but not significantly different to that of T. congo-

lense Kilifi (F7, 1423= 158.6, P= 0.935).  These differences were not consistent with those uncovered by 

the pairwise comparisons of MC length for these species, in which T. simiae and T. simiae Tsavo had 

no significant differences. This suggests that there is no general evolutionary relationship between 

MC length and core repeat region length across all species, but does not determine whether such a 

relationship exists within each species.  

A limited number of assembled contigs containing the entire core repeat region existed for T. 

simiae and T. simiae Tsavo compared to the other species within subgenus Nannomonas. The repeat 

region-containing contigs that were assembled for T. simiae and T. simiae Tsavo did not reflect the 

Figure 9 Species-dependent distributions of core repeat region length. Split violin plots encompass both sub-as-
sembled (pink) and single read (green) whole minichromosome data. Species abbreviations are: Tbb = T. brucei 
brucei; Tcf = T. congolense Forest; Tcs = T. congolense Savannah; Tck = T. congolense Kilifi; Tgo = T. godfreyi; Tsi = 
T. simiae; Tst = T. simiae Tsavo. 
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distributions in repeat region size reflected in the single read MC data (Figure 7). The fact that these 

species have the greatest average core repeat region lengths (Table 5) may explain the difficulty in 

assembling these contigs. There may be a limit in the length of the repeat region that can be assem-

bled by the sub-assembly pipeline, however many contigs containing core repeat regions >30 kbp 

were assembled for T. congolense Kilifi and T. godfreyi. Another potential issue with repeat region 

sub-assembly in T. simiae and T. simiae Tsavo is that the lengths of the core repeat units identified 

were ~175 bp longer than those identified for all other species and sub-groups within subgenus Nan-

nomonas (Table 7), so it may be that the length of the repeat unit itself determines the success of core 

repeat region assembly.  

For each species tested, there was a significant positive correlation between total MC length 

and core repeat region length at the p <0.05 significance level (Table 6, Figure 10). This relationship 

was strong for T. simiae and T. simiae Tsavo (r2 = ~0.9) and moderate for the rest of the species within 

subgenus Nannomonas (r2 = ~0.5-0.7). The relationship was weaker for T.b. brucei (r2 = 0.3). These 

results prove that MC length and core repeat region length are related at the within-species level. 

However, without clear evidence of the mechanism of MC genesis within the nucleus, it is not possible 

to conclude that core repeat region length is a causal determinant of total MC length. 

 

Species 
MC length vs repeat region length 
r r2 p-value 

Tbb 427 0.508962 0.259042 0.030995 

Tcf ANR3 0.844602 0.713353 0.000144 

Tcs GAM2 0.826108 0.682454 1.823790e-66 

Tck WG84 0.835873 0.698683 0.000001 

Tgo KEN7 0.720486 0.5191 0.001642 

Tsi ERAC2 0.983001 0.966291 6.826878e-195 

Tst 114 0.955545 0.913067 4.696260e-34 

Table 6 Pearson’s correlation values for MC length vs. repeat region length. 
Significant results (p <0.05) in bold text. For all species tested, there was a 
significant relationship between MC length and repeat region length. 
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3.3.5 Core repeat region composition and structure 

Considering that the core repeat sequences used to filter ‘core repeat reads’ out of the read pools 

were discovered de novo in this study, it was necessary to compare these sequences with the pub-

lished satellite repeat sequence for each species known to be present in MCs from PFGE hybridization 

studies (Sloof et al., 1983; Gibson et al., 1987; Gibson et al., 1988; Majiwa et al., 1987; Masiga et al., 

1992; Majiwa et al., 1993; Masiga et al., 1996). For all species within subgenus Nannomonas, the core 

Species 

Repeat unit size (bp)  GC content (%) Sequence similarity 

Species-specific PCR primers This study Published results This study E-value % identity 

Tbb427 177 (Sloof et al., 1983) 177 29  (Sloof et al., 1983) 29 2e-70 94.92 

TcoANR3 350 (Gibson et al., 1988) 359 35 (Masiga et al., 1992) 35 0.0 97.76 

TcoGAM2 369 (Gibson et al., 1987) 369 33 (Gibson et al., 1987) 31 4e-170 96.48 

TcoWG84 400 (Gibson et al., 1988) 370 35 (Masiga et al., 1992) 33 0.0 99.46 

TgoKEN7 373 (Masiga et al., 1996) 175 55 (Masiga et al., 1996) 60 2e-142 95.21 

TsiERAC2 521-550 (Masiga et al., 1992; 

Majiwa et al., 1987) 

544 55 (Masiga et al., 1992) 60 1e-05 95.45 

Tst114 600 (Majiwa et al., 1993) 543 Not measured 62 7e-05* 89.47%* 

Figure 10 Correlations between MC length and core repeat region length for T. brucei and all species amongst sub-
genus Nannomonas. All correlations are significantly positive, with the strongest being in the T. simiae isolates and 
weaker for T. congolense Kilifi and T. godfreyi. Tbb = T. brucei brucei; Tcf = T. congolense Forest; Tcs = T. congolense 
Savannah; Tck = T. congolense Kilifi; Tgo = T. godfreyi; Tsi = T. simiae; Tst = T. simiae Tsavo. 

Table 7 Comparison of MC repeat unit sequences from this study with published sequences. Sequence alignments revealed no 
significant differences between the existing and novel sequences, however, the lengths of MC repeat units were different for 
some species in the present analysis. 
* There was no existing MC repeat sequence for Tst114 – the comparison for this isolate is of one of the 19 bp primers devel-
oped as a species identification probe with the MC repeat unit discovered in this study.   
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repeat sequences identified in this study shared at least 95% sequence identity with species identifi-

cation probes, with the exception of T. simiae Tsavo for which the complete MC satellite sequence 

had not previously been published. For this sample, a 19 bp primer sequence that is used for species 

identification was compared with the core repeat unit characterised in the present study. The lengths 

of sequences presented here were the same as the species identification probes for T.b. brucei and T. 

congolense Savannah but different for all other taxa (Table 7), with most being only slightly refined. 

All repeat unit sequences for T. congolense possessed an abundance of A and T homopolymer tracts, 

whereas T. godfreyi, T. simiae and T. simiae Tsavo had a greater proportion of G and C tracts. Masiga 

et al. (1996) described the satellite repeat sequence for T. godfreyi as a 373 bp sequence consisting of 

two ~170 bp imperfect internal repeats with a 25 bp sequence in between them. In the present study, 

only one 175 bp unit was identified, which was tandemly repeated throughout the core repeat region.  

Several T. congolense Savannah, T. simiae and T. simiae Tsavo minichromosomes adhered to 

the existing T.b. brucei model of core repeat region structure (Wickstead et al., 2004), with the excep-

tion that the inversion point of the core repeat region was slightly off centre rather than completely 

central (Figure 7). However, this was by no means the consensus structure within these species or any 

others. A range of MC structures existed both within and between species (Figure 11).  

 The majority of T.b brucei’s MCs had an inverted repeat region that met the criteria of the 

palindromic MC model described by Wickstead et al (2004) but some had off-centre inversion points 

or arms that were asymmetrical in length. All three T. congolense subtypes and T. godfreyi had no or 

a few (0-6.25%) inverted repeat region containing MCs, with the majority of them having core repeat 

regions in which the core repeat unit ran consistently in one direction. For T. simiae and T. simiae 

Tsavo, all complete MCs contained inverted core repeat sequences. Most of these contained one in-

version point that was either central or off centre and some had multiple inversion points (Figure 11). 
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Tbb427 TcfANR3 

TcsGAM2 TckWG84 

TgoKEN7 TsiTV008 

TsiERAC2 Tst114 

Figure 11 Self dot plots of two representative minichromosomes for T. brucei and all species within subgenus Nannomonas. There 
is great diversity in structure within and between each species, with one characteristic structure being predominant for each spe-
cies (plot on the left for each species). Pink = annotated regions    
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3.3.6 Sub-telomeric arm length variation 

MC arm lengths were the longest for T. congolense Kilifi and T. godfreyi (median = 25.0-30.0 kbp) and 

shortest for T. simiae and T. simiae Tsavo (median = ~3.5 kbp). Arm length differences were statisti-

cally significant at the p< 0.05 level (F7,2217 = 1198, P = <2e-16; Appendix D, Table A6) and post hoc 

testing (Appendix D, Table A7) revealed that the only pairwise comparisons with no significant arm 

length differences within subgenus Nannomonas were those between T. simiae and T. simiae Tsavo 

(F7,2217 = 1198, P = 0.99). The difference between T. congolense Kilifi and T. godfreyi mean arm lengths 

was significant (F7,2217 = 1198, P = 0.00) despite both species having significantly longer MCs than all 

other species, as was the difference between T. congolense Forest and T. congolense Savannah mean 

arm length (F7,2217 = 1198, P = 0.02). It is interesting to note that the MCs of most species within sub-

genus Nannomonas had narrow ranges in arm length variation, with standard deviations of ~1.0-2.5 

kbp (Table 5), with the exceptions of T. godfreyi and T. congolense Kilifi, which had a relatively even 

distribution of a wide range of arm lengths (Figure 12), with standard deviations of ~ >9.0 kbp (Table 

5).  The consistent short measurements of T. simiae and T. simiae Tsavo arm lengths (Figure 12) is also 

Figure 12 Species-dependent distributions of minichromosome ‘arm’ length for T. brucei and all species within subge-
nus Nannomonas. Split violin plots encompass both sub-assembled (pink) and single read (green) whole minichromo-
some data. Whole MC contigs were assessed twice so that each arm could be included in the analysis, hence the high 
total number of contigs for several groups. Tbb = T. brucei brucei; Tcf = T. congolense Forest; Tcs = T. congolense Sa-
vannah; Tck = T. congolense Kilifi; Tgo = T. godfreyi; Tsi = T. simiae; Tst = T. simiae Tsavo. 

55 

 
156 

 
378 

 
285 

 
264 

 
245 

 
121 

 
 
 
 
/ 

35 
20 

 
151 

4 
 

536 
108 

 
298 

8 
 

278 
2 
 

30 
508 

 
70 

112 
 
 
 
 
 

No. MC contigs 
assessed 

By type     Total 
 

55 

 
155 

 
644 

 
306 

 
280 

 
538 

 
182 

 
 
 
 
 



   
 

   
 

61 

interesting considering the large range of variation that exists in the lengths of these species’ core 

repeat regions. Their short arm lengths may also be a factor that limits assembly success, combined 

with the fact that the core repeat regions are extremely large in comparison to the arms. 

 The only species for which there was a significant correlation between arm length and core 

repeat region length was T.b. brucei (r55 = -0.34, p <0.05) (Table 8). The relationship between these 

two variables was negative, meaning that the longer the core repeat region was, the shorter the min-

ichromosome arms were. This was however a weak relationship, with a coefficient of determination 

of 0.11. There was no significant correlation between arm length and core repeat region length for all 

species within subgenus Nannomonas (Figure 13).  

 

Species 
Arm length vs repeat region length 
r r2 p-value 

Tbb 427 -0.336201 0.113031 0.012087 

Tcf ANR3 0.091915 0.008448 0.420447 

Tcs GAM2 -0.006826 0.000047 0.866287 

Tck WG84 0.08958 0.008025 0.40111 

Tgo KEN7 -0.175597 0.030834 0.110111 

Tsi ERAC2 -0.051344 0.002636 0.278172 

Tst 114 0.128205 0.016437 0.150875 

Table 8 Pearson’s correlation values for MC arm length vs. repeat region 
length, with significant results (p <0.05) in bold text. 

Figure 13 Correlations between MC arm length and repeat region length for T. brucei and all species amongst subgenus 
Nannomonas. Tbb = T. brucei brucei; Tcf = T. congolense Forest; Tcs = T. congolense Savannah; Tck = T. congolense 
Kilifi; Tgo = T. godfreyi; Tsi = T. simiae; Tst = T. simiae Tsavo. 
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 Whole MCs belonging to T. congolense Forest had a significant positive correlation (r14 = 0.57, 

p<0.05) between the lengths of each arm per MC (Table 9, Figure 14), suggesting that for this species, 

individual MCs mostly contain arms that are relatively equal in length to each other. In contrast, T. 

godfreyi displayed a significant negative correlation between the two arm lengths per MC (r14 = -0.53 

, p <0.05), suggesting that the majority of MCs for this species contain arms of unequal length. There 

were no significant relationships between the arm lengths of MCs for the rest of the species tested, 

which means that for these species there is no set pattern in the way that within-MC arm lengths 

relate to each other and that there may be a range of symmetrical and asymmetrical MCs within the 

populations.  

Species 
Arm 1 length vs arm 2 length 
r r2 p-value 

Tbb 427 -0.222257 0.049398 0.375391 

Tcf ANR3 0.574356 0.329885 0.031703 

Tcs GAM2 -0.010999 0.000121 0.859634 

Tck WG84 -0.186891 0.034928 0.417259 

Tgo KEN7 -0.533814 0.284957 0.033192 

Tsi ERAC2 0.051956 0.002699 0.412451 

Tst 114 0.077503 0.006007 0.563083 

Table 9 Pearson’s correlation values for arm 1 vs. arm 2 length 
(within each MC contig) with significant results (p <0.05) in bold text. 

Figure 14 Correlations between the lengths of the two arms within each complete MC contig. Tbb = T. brucei brucei; 
Tcf = T. congolense Forest; Tcs = T. congolense Savannah; Tck = T. congolense Kilifi; Tgo = T. godfreyi; Tsi = T. simiae; 
Tst = T. simiae Tsavo. 
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3.3.7 Gene content of subtelomeric arms 

Whilst MCs have traditionally been viewed simply as repositories of VSG genes (Van der Ploeg et al., 

1984), recent analysis of MC sequences from the PacBio data of two T. congolense isolates revealed 

the presence of other protein coding genes, such as DEAH-box RNA helicase and the retrotransposon 

Ingi (Abbas et al., 2018). No data exist on the MC gene content of T. godfreyi and T. simiae. It was 

therefore of interest in the present study to test the hypothesis that MCs are VSG gene repositories, 

to define the gene content of the subtelomeric arms of all MCs recovered from the genomic datasets 

and to draw comparisons between the species.  

T. congolense Savannah, T. congolense Kilifi and T. godfreyi yielded the greatest numbers of 

predicted genes (Table 10), probably due to a combination of the quality of the sequence data for 

these species relative to T. congolense Forest and the high number of MC contigs assembled relative 

to that of T. simiae ERA C2 and T. simiae Tsavo 114. Few annotated features were identified for the 

two T. simiae isolates. The MCs that were annotated for this species were mostly those captured 

within single long reads and so were likely to have a greater error rate than assembled contigs, de-

creasing the possibility of accurate annotation transfer and open reading frame (ORF) prediction by 

the Companion pipeline.  

 

Table 10 Genes present on the MCs of six groups of trypanosomes from subgenus Nannomonas and one from 
subgenus Trypanozoon based on Companion annotations. VSGs were the most abundant genes identified for all 
species. Pseudogenes are those that possessed internal stop codons and/or significant frameshift mutations. 
These were all Ingi elements, except in T.b brucei, in which there were two RHSP and two ESAG pseudogenes. 
VSG = variable surface glycoprotein, HP = hypothetical protein, ABC = ABC transporter, C2H2 = zinc finger 2, 
PAG4 = procyclin associated gene 4, CPC = cysteine peptidase, DEAH = DEAH-box helicase, RHSP = retrotrans-
poson hotspot protein, Pseudo = pseudogenes. 

Species VSG HP ESAG ABC C2H2 PAG4 CPC DEAH Ingi RHSP Total Pseudo 

Tbb427 13 35 5 0 0 0 0 0 7 2 62 7 

TcoANR3 35 18 1 0 0 0 0 5 8 3 70 0 

TcoGAM2 306 120 115 0 1 6 2 22 45 2 619 0 

TcoWG84 263 75 25 0 5 0 0 0 1 0 369 0 

TgoKEN7 600 211 33 135 0 0 0 0 40 0 1,019 7  

TsiERAC2 19 1 2 0 0 0 1 0 2 0 25 1  

Tst114 22 15 0 0 0 0 0 0 1 0 38 1  
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For all species within subgenus Nannomonas, the most abundant genes were VSG-encoding 

genes, which represented at least 50% of the total number of genes identified (Figure 11). For some 

species, previously uncharacterised ORFs labelled as ‘hypothetical proteins’ by Companion were des-

ignated as VSGs based on clustering analysis. Approximately 1-2 VSGs overall were identified per MC 

for all T. congolense subspecies, however it is likely that these numbers are under representative of 

the true number of VSGs per MC as the calculation included single read MC contigs for which minimal 

annotations were generated due to the error rate of these sequences. Visual inspection of dot plots 

revealed that many T. congolense Savannah GAM2 MC contigs each contained up to four VSGs. A 

significant limitation of the present annotations is that they were derived only from the T.b. brucei 

TREU 927 and T. congolense IL3000 proteomic databases. To gain a more accurate idea of the number 

and nature of all MC coding regions and pseudogenes, it would be optimal to annotate the MCs using 

Figure 15 Relative percentages of predicted proteins in all species. Labels under charts: C = whole MC contig, H+ 
= more than half partial MC contig (Figure 5). Legend labels: VSG = variable surface glycoprotein, RHSP = re-
trotransposon hotspot protein, H = hypothetical protein, ESAG = expression site associated gene, DEAH = DEAH-
box helicase, ABC = ABC transport protein, C2H2 = zinc finger, PAG4 = procyclin associated gene 4, CPC, cysteine 
peptidase C.  
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the methods presented here in conjunction with the annotated major chromosome data for each 

species and subgroup when it becomes available, especially considering that MCs are thought to be 

born from the major chromosomes (Wickstead et al., 2004). Hidden Markov Models (HMMs) con-

structed using the VSGs identified here, as well as any that may be newly characterised on the major 

chromosomes of each species, may reveal a more representative number of the true number of VSGs 

contained within the MC populations. Despite these limitations, the number of VSGs identified on T. 

godfreyi MCs was notably high compared to other isolate, averaging at approximately four per MC. 

This means that if VSG gene number is conserved across trypanosome species, based on previous 

predictions of approximately 2,500 VSG genes per whole T. congolense IL3000 genome (Jackson et al., 

2012; Cross et al., 2014) 24% of all genomic VSG genes are located on MCs in T. godfreyi.  

In addition to VSG genes, several other coding regions were identified on the MCs of all 

species. Ingi elements were identified within the subtelomeric regions of a small portion of MCs for 

all species, being more abundant in T. congolense Savannah and T. godfreyi compared to the other 

isolates (Table 10). Ingi is a diverse clade of non-long terminal repeat retrotransposons, which is pre-

sent throughout trypanosome genomes (Bringaud et al., 2009), being most abundant in subtelomeric 

regions in T.b brucei (Bringaud et al., 2004). Full length Ingi sequences can encode functional tran-

scription machinery proteins (Bringaud et al., 2009) that result in coding strand switches (Berriman et 

al., 2005). In this way, Ingi has initiated genomic rearrangements in T. brucei, such as the insertion of 

an ESAG on major chromosome 11 of T.b gambiense relative to T.b brucei (Jackson et al., 2010). Ingi 

has previously been identified in a small number of MCs (Alsford et al., 2000; Abbas et al., 2018). A 

few Ingi genes identified in the present analysis were classed as pseudogenes due to the presence of 

internal stop codons (Table 10). It is an appealing possibility that MC-specific Ingi elements may be 

involved in the rearrangement of MCs and possibly in their recombination with the other chromoso-

mal classes, though this may be unlikely considering ingi was present on such a limited number of MC 

contigs. If these sequences were essential to the maintenance of the biological function of MCs, it 

would be expected that they would be present on all MCs. It is possible that these sequences have 

hitch-hiked onto the MCs with VSGs from subtelomeric regions of the major chromosomes during VSG 
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transposition and remain transcriptionally inactive alongside them. These speculations may be proven 

by the comparative analysis of these sequences with Ingi sequences present on the subtelomeric re-

gions of the major chromosomes. 

 Another common feature for several species was the presence of ESAGs on a small number 

of MCs. ESAG3 was present on T.b brucei MCs, whilst ESAG2 was present on the MCs of species 

amongst subgenus Nannomonas. In T. congolense Savannah GAM2, ESAG2 sequences were located 

adjacent to VSG genes, with eight MCs displaying tandem arrays of an ESAG2 with a VSG on either side 

(Figure 16). In T. brucei, ESAG2 is a VSG-like surface protein without known antigenic function 

(Gadelha et al., 2015). Whilst not much is known regarding T. congolense expression sites and the 

associated genes, phylogenetic studies have characterised T. congolense ESAG2 as a b-VSG-like gene 

belonging to Fam13, of which some members still encode functional variant antigens in this species, 

unlike in T. brucei (Jackson et al., 2012). Further analysis of the ESAG2 sequences presented here for 

all subgenus Nannomonas species is required to determine whether these sequences should be 

classed as additional VSGs or not. It was recently discovered that T. congolense genomes possess very 

Figure 16 A T. congolense Savannah MC with gene annotations. This 
MC contains an ESAG2/VSG gene array on the subtelomeric region 
of one arm and a DEAH-box helicase gene located halfway between 
the core repeat region and a telomere-proximal VSG on the second 
arm.  
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few ESAGs relative to T. brucei and those that do exist are members of gene families that are wide-

spread rather than associated explicitly with telomeric regions and expression sites (Abbas et al., 

2018). ESAG2 is therefore not an MC-specific gene but its relatively common presence on MCs, espe-

cially in T. congolense Savannah, is curious and remains to be explained. 

 DEAH-box RNA helicase genes that shared 70-75% sequence identity with a sequence on T. 

congolense IL3000 (TCIL3000_6_290) chromosome 6 (Jackson et al., 2012) were present on a limited 

number of T. congolense Savannah and Forest MCs (Figure 16). DEAH-box helicases are ATP-depend-

ent enzymes that catalyse RNA unfolding in trypanosomes (Zinoviev et al., 2012) and those present in 

T. congolense represent an expansion of single copy genes present in other trypanosomes (Abbas et 

al., 2018). If T. congolense MCs do contain active VSG expression sites as suggested by Abbas et al. 

(2018), it may be that DEAH-box helicase genes are transcribed and that their products are involved 

in the unfolding of expressed VSG mRNA. Similarly to the situation with Ingi sequences, this functional 

proposition may be unlikely considering that these sequences were not conserved across all MCs, 

which would be expected if they were of functional importance. 

 Other protein-coding genes that were infrequently present on the MCs of certain species 

were: retrotransposon hotspot protein (RHSP), which is known to provide a hotspot for Ingi insertion 

in T. brucei (Florini et al., 2018); the zinc finger (C2H2) transcription factor (Fedotova et al., 2017); 

cysteine peptidase C (CPC) and procyclin-associated gene (PAG4) (Table 10; Figure 15). These genes 

were present in such limited numbers (Table 10) that they could not be classed as conserved features 

of MCs as VSGs and possibly ESAGs could for all species. 

A totally unprecedented finding was the existence of a significant percentage (13% of all cod-

ing sequences identified) of possible ABC transporter genes on T. godfreyi MCs, which were present 

on 42% (111) of all MC contigs analysed. These sequences were not identified on the MCs of any other 

species and they shared 25-35% sequence identity with a putative ABC transporter/ATP-binding cas-

sette protein on T. congolense IL3000 chromosome 10 (TCIL3000_10_9180). These genes were located 
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between subtelomeric VSGs and the core repeat region (Figure 17). On complete MC contigs, ABC 

transporter genes existed only on the longer arm of asymmetrical MCs, however this could not be 

concluded for the partial contigs that contained only one arm. Positioned between the ABC trans-

porter genes and the core repeat regions were additional repeat sequence regions of either 5 – 10 

kbp in length with a ~2 kbp repeat unit or 2 – 3 kbp in length with a 415 bp repeat unit. When multiple 

ABC transporter genes were present on one MC arm, they were located adjacent to each other and 

were not from the same cluster (<90% identity) according to CD-HIT, suggesting that they did not 

duplicate in-situ on the MC and so are likely to have originated from elsewhere in the genome. ABC 

transporter genes from the same cluster did exist on different MCs, which may indicate recombination 

events between these MCs. ABC transporters/ATP cassette binding proteins are involved in various 

survival mechanisms for trypanosomes, including glycolysis in T. brucei (Yernaux et al., 2005), haemo-

globin uptake (Yamasaki et al., 2016) and resistance against trypanocidal drugs in T. cruzi (Franco et 

al., 2015). Though the ABC transporter genes identified on T. godfreyi MCs were labelled as such by 

Companion, this does not necessarily mean they encode functional ABC transporters, especially 

Figure 17 A T. godfreyi minichromosome containing ABC transporter 
genes, which are located between subtelomeric VSG genes and a 10 kbp 
repetitive region located downstream from the main core repeat region. 
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considering the relatively low (25-35%) sequence identity the sequences shared with that on T. con-

golense IL3000 chromosome 10. ABC transporters labelled in both the T.b. brucei Lister 427 and T. 

congolense IL3000 genome assemblies have not been characterised in detail, with most having been 

labelled as ‘putative’. Considering the high prevalence of potential ABC transporter sequences on T. 

godfreyi MCs compared to those of other species within subgenus Nannomonas, it would be worth 

comparing these with ABC transporter sequences present on the T. godfreyi major chromosomes and 

indeed on those of the other species tested. The abundance of apparent ABC transporters on the T. 

godfreyi MCs may be a signpost of a whole genome expansion of these gene families within T. godfreyi 

compared to T. congolense and T. simiae. Thus, a full genomic and proteomic investigation of ABC 

transporters across the subgenus may be worthwhile, especially considering the implication of these 

genes being involved in drug resistance (Baker et al., 2013; Franco et al., 2015) 

 Within each species, there were instances in which different MCs contained annotated re-

gions with 100% shared identity as determined by clustering analysis, which suggests that recombina-

tion occurred between them or that they both underwent recombination with the same region of a 

major chromosome. To draw definitive conclusions regarding recombination events between MCs, 

intermediate and major chromosomes, complete and annotated genomic data of all of these se-

quences is required.  

 For all species, manual inspection of MC contigs revealed that a few of the largest assembled 

“H+” contigs appeared to represent the telomeric ends of some major chromosomes. These contigs 

contained many housekeeping genes that closely matched those present on the major chromosomes 

of T. congolense IL3000 (Jackson et al., 2012), as well as very small stretches (1-2 copies) of the MC 

core repeat sequence. Though these contigs were discarded as they appeared to be larger chromo-

some material, the existence of the MC core repeat sequence on them confirmed the possibility that 

this sequence is used as a recombination hotspot not only between the MCs but also between the 

different chromosome classes for species within subgenus Nannomonas, as is already known to be 

the case for T.b. brucei (Wickstead et al., 2004). 
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Chapter 4. General discussion 

4.1 Thesis summary  

This thesis ultimately represents an early stage of a complex endeavour to understand reasons for the 

formation and maintenance of MCs within the trypanosome genomic environment. It has been 

demonstrated that contrary to previous attempts, MCs are in fact amenable to computational assem-

bly methods and this generates compelling possibilities in terms of investigating these previously ne-

glected genomic components. A total number of 601 complete and 915 partial MC sequences were 

recovered from PacBio genome data of six taxa from subgenus Nannomonas and one from subgenus 

Trypanozoon, enabling novel insights to be uncovered regarding the species-specific nature of MCs in 

terms of their structure and gene content.  

 

4.2 Insights into the evolution and genesis of MCs  

Novel findings have been generated regarding the MCs of species for which MC sequence had not 

previously been studied beyond the knowledge of the core repeat unit sequence, including T. godfreyi 

and T. simiae, which opens up the possibility for evolutionary comparison between the MCs of differ-

ent species. Dot plots of T. simiae MCs revealed that some of them possessed core repeat regions with 

multiple inversion points – a trait that has been associated with MCs on only one occasion before on 

a T. congolense IL3000 MC generated from single read analysis (Abbas et al., 2018). T. congolense and 

T. godfreyi MCs were rarely palindromic and most often had a core repeat region with the repeat unit 

sequence running in one direction only. These findings are significant when considering the palin-

dromic model of the formation and replication of MCs in T.b. brucei proposed by Wickstead et al. 

(2004). In this model, researchers stated that all T.b. brucei MCs have a single inversion point in the 

core repeat region, which they implicated was involved in replication and centromeric function. The 

lack of an inversion point in the core repeat regions of T. congolense and T. godfreyi MCs may chal-

lenge the proposal that inversion points signify origins of replication, or it may suggest that the MCs 
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of these species undergo different genesis mechanisms to those of T.b brucei. The existing model is 

more likely to apply to T. simiae MCs as many of these were palindromic, however those that con-

tained multiple inversion points may be subject to a more complex method of genesis. Future study 

is required to investigate these processes at the molecular level but it is clear that these mechanisms 

vary at the subgenus- or even species-level. 

 Clustering analyses identified the presence of conserved annotated features between differ-

ent MCs within each species, which is congruent with existing evidence that MCs undergo homologous 

recombination with each other (Abbas et al., 2018). On some MCs there were annotated features that 

also displayed significant levels of sequence identity with genes present on the T. congolense IL3000 

major chromosomes, though definitive conclusions regarding recombination between the different 

chromosome classes cannot be drawn without analysis of major chromosome genome data for the 

specific species tested in this analysis.  

 

4.3 Conserved and divergent characteristics of MCs  

In addition to divergent core repeat region structures, there were a number of statistically significant 

MC structure differences between the species tested, as well as differences in MC gene content. As a 

rule, T. godfreyi MCs were asymmetrical, meaning that one subtelomeric arm was a significantly dif-

ferent length to the other, whereas there was no specific pattern in the relative arm lengths for all 

other taxa within the subgenus, except for T. congolense Forest in which MC arms were strictly equal 

in length. 

 Several annotated features were conserved across all species, such as the presence of VSG 

genes, ESAGs and Ingi on MC subtelomeric arms, though VSGs were the only sequences present on all 

annotated contigs. Some species-specific differences in gene content were observed, most notably 

the presence of putative ABC transporter genes on almost half of the T. godfreyi MCs, which was a 

feature exclusive to this species. 

 



   
 

   
 

72 

4.4 Methodological limitations 

Bioinformatic analyses illustrated that it is relatively simple to filter raw PacBio sequence data to un-

cover ‘single read MCs’ for many species, though not for those with MCs >50 kbp in length. Therefore, 

single read analysis is not a plausible method for the comparison of MCs across subgenus Nannomo-

nas, which are up to 200 kbp in length in taxa such as T. congolense Kilifi and T. godfreyi.  For many 

taxa, particularly T. congolense Kilifi and T. godfreyi, the assembly methods presented here were bi-

ased towards assembling MC at the smaller end of the size range specified by the PFGE analysis. Few 

complete MCs were assembled for T. simiae and T. simiae Tsavo, possibly due to the core repeat re-

gion constituting 74-85% of each MC, compared to 30-45% in T. congolense. In these cases, single-

read MC analysis proved a useful method to fall back on, as more than two hundred MC sequences 

were uncovered in this way. Though single read MCs were difficult to annotate due to the inherently 

higher error rate of these sequences compared to MCs that have been assembled and corrected, they 

provided useful information on the size and structure of T. simiae MCs. For the reliable assembly of 

all MCs belonging to all species within subgenus Nannomonas, further improvement of the assembly 

pipeline so that larger and more repeat-region-rich MCs can be assembled is necessary. 

 Palindromy is susceptible to under-representation in genomic sequence data due to the fold-

back of single stranded DNA during PCR (Wickstead et al., 2004), so it is possible that there are actually 

a greater number of palindromic MCs than has been presented here for species such as T. congolense 

and T. godfreyi. However, the fact that the majority of T. simiae MC contigs had inverted core repeat 

regions suggests that this limitation may not be such an issue for PacBio sequence data and that the 

relative species-specific levels of palindromy presented here are accurate. 

The annotated sequences presented here are likely to be under-representative of the true 

number of coding regions present within the MC populations, especially for species in which repre-

sentative MC contigs spanning all known MC size ranges were not generated. The annotation methods 

outlined in the Methods are likely to generate a greater number of findings for T. simiae once the 

assembly pipeline has been improved to yield more assembled contigs for annotation. However, to 
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gain a complete understanding of MC gene content at the within-species level, further annotation and 

characterisation of coding regions is necessary. Much of these investigations will rely on the availabil-

ity of major chromosome data with de-novo annotations, which will enable the analysis of possible 

recombination events between the MCs and major chromosomes by clustering analysis. 

Whilst the use of whole genome data for MC analysis is useful for drawing comparisons be-

tween species, it limits conclusions that can be drawn about MCs within individual trypanosomes. The 

MC numbers presented here for each species represent all MCs present in uncloned populations. To 

determine whether all trypanosomes within each isolate contain the same set of MCs or only a portion 

of them each, it would be necessary to analyse sequence data of several cloned trypanosomes for 

each species. Whilst this approach may seem costly and time consuming, it is likely to provide more 

detailed insight into the mechanisms and timescales of MC evolution within trypanosomes. 

 

4.5 Future outlook  

This investigation has opened up many valuable pathways for future study. MCs clearly vary in struc-

ture and content at the between-species level within subgenus Nannomonas. As well as studying the 

sequence data of cloned trypanosome MCs, it may be insightful to repeat both the PFGE and bioinfor-

matic protocols with a wider range of isolates from each species, considering the within-species het-

erogeneity in MC size range that was observed in Chapter 2.  

  Additional insight into the origin and genesis of MCs is likely to be gained by 1) tracking the 

recombination history of MCs with each other and the major chromosomes and 2) comparing the 

relative distributions of MC protein-coding sequences across all chromosomal size classes. This may 

indicate whether elements such as Ingi and DEAH-box helicase accumulate on MCs by chance or if 

they serve an integral function of some kind. This is worth investigating considering the proposition 

by Abbas et al. (2018) that T. congolense MCs may possess active expression sites and the fact that 

several of the non-VSG coding genes identified in this study produce proteins involved in DNA rear-

rangement and RNA modification. Considering that MC structure often reflects the structure of the 
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major chromosome subtelomeric ends and some features of expression sites within these regions, the 

findings uncovered in this study may act as signposts towards sequences to look out for in search of 

the major chromosome subtelomeric regions and expression sites in genomic data for species within 

subgenus Nannomonas. For T. godfreyi in particular, this line of enquiry generates questions such as: 

On the whole genome level, does T. godfreyi have a greater number of VSGs and ABC transporters 

compared to the other species? What is the function of ABC transporters in T. godfreyi, how are they 

distributed throughout the genome and is there a reason they are found so frequently on MCs? Whilst 

the present study investigating MCs in isolation has provided useful insights, the next steps of analysis 

ought to be focused on placing them in context with the whole genome and on an evolutionary level 

to compare their involvement in antigenic variation mechanisms that quite possibly differ between 

species. 
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Conclusions 
 
This study combined the classical chromosome analysis technique of PFGE with the newer technology 

of genome sequencing. The PFGE investigation provided detailed karyotype comparisons for T.b. 

brucei and all species within subgenus Nannomonas, revealing that that each species has its own MC 

size range and that there are within-species differences in T. congolense MC lengths. A semi-auto-

mated pipeline for the assembly and annotation of MCs from PacBio sequence data has been built, 

combining a range of widely available bioinformatic tools. Factors such as MC length, core repeat re-

gion composition and subtelomeric arm content vary between species and between groups within 

species, particularly within T. congolense. It was discovered that VSG genes are not always situated 

immediately adjacent to telomeres, that they can be present as subtelomeric arrays and that a signif-

icantly greater number of VSG genes existed on T. godfreyi MCs compared to those of other species 

within the subgenus. Other protein-coding genes were infrequently present on the MCs of all species 

and these included Ingi, ESAG2, DEAH-box helicase and uniquely to T. godfreyi – ABC transporters. The 

findings presented here contribute to the growing body of evidence that trypanosome species vary 

from one another in terms of their genomic architecture and content. The diversity in MC structures 

between species within subgenus Nannomonas may imply that the mechanisms for MC genesis and 

antigenic variation also vary between the species, though this is yet to be validated experimentally. 

The exploratory analyses presented here provide a template for future study and the paths this may 

take, emphasising the necessity of incorporating multiple species into models for processes such as 

MC genesis and evolution.  
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Species PacBio read 
pool (gbp) 

Assembler 

Flye Canu 

No. whole MCs No. partial MCs No. whole MCs No. partial MCs 

Tbb 427 Unknown Not tested Not tested 8 62 

Tcf ANR3 2.1 2 18 12 129 

Tcs GAM2 18.1 101 155 207 118 

Tck WG84 9.8 4 32 18 263 

Tgo KEN7 6.0 0 20 15 248 

Tsi TV008 2.5 0 12 1 30 

Tsi ERAC2 22.3 1 21 3 25 

Tst 114 10.2 0 17 4 70 

Table A1 Comparison of the performance of assembly algorithms ‘Flye’ and ‘Canu’ for the assembly of mini-
chromosomes. For all species tested, Canu generated at least 2x the number of whole MC contigs and a sig-
nificantly greater number of partial MC contigs (except for TCs GAM2) than Flye did. Species abbreviations: 
Tbb = T. brucei brucei; Tcf = T. congolense Forest; Tcs = T. congolense Savannah; Tck = T. congolense Kilifi; Tgo 
= T. godfreyi; Tsi = T. simiae; Tst = T. simiae Tsavo.  
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Appendix B. Statistical outputs for between-taxa differences in MC length       
  

Taxa diff lwr upr p adj 

Tco_ANR3-Tbb_427 -2660.59524 -14253.236 8932.046 0.9970467 
Tco_GAM2-Tbb_427 -4826.21073 -12754.021 3101.6 0.5852375 
Tco_WG84-Tbb_427 38718.60606 28379.332 49057.881 0 
Tgo_KEN7-Tbb_427 32840.83333 21663.174 44018.493 0 
Tsi_ERA_C2-Tbb_427 231.54545 -7693.358 8156.449 1 
Tst_Tsavo_114-Tbb_427 -2736.20635 -11430.687 5958.274 0.9800725 
Tco_GAM2-Tco_ANR3 -2165.61549 -11090.236 6759.005 0.9958125 
Tco_WG84-Tco_ANR3 41379.2013 30257.184 52501.218 0 
Tgo_KEN7-Tco_ANR3 35501.42857 23596.021 47406.836 0 
Tsi_ERA_C2-Tco_ANR3 2892.14069 -6029.898 11814.179 0.9764123 
Tst_Tsavo_114-Tco_ANR3 -75.61111 -9687.721 9536.499 1 
Tco_WG84-Tco_GAM2 43544.81679 36322.621 50767.013 0 
Tgo_KEN7-Tco_GAM2 37667.04406 29288.524 46045.564 0 
Tsi_ERA_C2-Tco_GAM2 5057.75618 2218.104 7897.408 0.0000024 
Tst_Tsavo_114-Tco_GAM2 2090.00438 -2476.561 6656.569 0.8610879 
Tgo_KEN7-Tco_WG84 -5877.77273 -16566.552 4811.007 0.7054398 
Tsi_ERA_C2-Tco_WG84 -38487.06061 -45706.066 -31268.055 0 
Tst_Tsavo_114-Tco_WG84 -41454.81241 -49511.11 -33398.515 0 
Tsi_ERA_C2-Tgo_KEN7 -32609.28788 -40985.057 -24233.518 0 
Tst_Tsavo_114-Tgo_KEN7 -35577.03968 -44684.367 -26469.712 0 
Tst_Tsavo_114-Tsi_ERA_C2 -2967.7518 -7529.269 1593.765 0.4974423 

 Df Sum Sq Mean Sq F value Pr(>F) 
Taxa 7 6.37E+10 9.10E+09 79.48 <2e-16 
Residuals 663 7.59E+10 1.15E+08   

Table A2 Univariate ANOVA results for MC length. 
 

Table A3 Statistical outputs of post-hoc Tukey HSD test for pairwise comparisons of MC length between seven 
trypanosome taxa. Bold text indicates significant p values. 
 



   
 

   
 

89 

Appendix C. Statistical outputs for between-taxa differences in core repeat region length       
 

 Df Sum Sq Mean Sq F value Pr(>F) 
Taxa 7 7.774e+10 1.111e+10 158.6 <2e-16 
Residuals 1423 9.967e+10 7.004e+07   

Taxa diff lwr upr p adj 

Tco_ANR3-Tbb_427 -8317.001 -12861.201 -3772.8012 0.0000009 
Tco_GAM2-Tbb_427 -4522.397 -8827.979 -216.8142 0.0315474 
Tco_WG84-Tbb_427 5370.391 595.7744 10145.0075 0.0151411 
Tgo_KEN7-Tbb_427 2162.138 -2208.8851 6533.1614 0.8068591 
Tsi_ERA_C2-Tbb_427 13958.574 9511.4729 18405.6752 0 
Tst_Tsavo_114-Tbb_427 6676.155 1956.7538 11395.5568 0.0004957 
Tco_GAM2-Tco_ANR3 3794.604 1509.4685 6079.74 0.0000144 
Tco_WG84-Tco_ANR3 13687.392 10608.3061 16766.4775 0 
Tgo_KEN7-Tco_ANR3 10479.139 8072.97 12885.3082 0 
Tsi_ERA_C2-Tco_ANR3 22275.575 19733.8208 24817.329 0 
Tst_Tsavo_114-Tco_ANR3 14993.156 12000.4055 17985.9069 0 
Tco_WG84-Tco_GAM2 9892.788 7178.1867 12607.3885 0 
Tgo_KEN7-Tco_GAM2 6684.535 4766.7395 8602.3301 0 
Tsi_ERA_C2-Tco_GAM2 18480.971 16395.5923 20566.3491 0 
Tst_Tsavo_114-Tco_GAM2 11198.552 8582.2863 13814.8175 0 
Tgo_KEN7-Tco_WG84 -3208.253 -6025.4965 -391.0091 0.0130956 
Tsi_ERA_C2-Tco_WG84 8588.183 5654.2904 11522.0758 0 
Tst_Tsavo_114-Tco_WG84 1305.764 -2026.4675 4637.9962 0.9350476 
Tsi_ERA_C2-Tgo_KEN7 11796.436 9579.0935 14013.7783 0 
Tst_Tsavo_114-Tgo_KEN7 4514.017 1791.3989 7236.6354 0.000015 
Tst_Tsavo_114-Tsi_ERA_C2 -7282.419 -10125.571 -4439.2666 0 

Table A4 Univariate ANOVA results for core repeat region length. 
 

Table A5 Statistical outputs of post-hoc Tukey HSD test for pairwise comparisons of core repeat region length 
between seven trypanosome taxa. Bold text indicates significant p values. 
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Appendix D. Statistical outputs for between-taxa differences in subtelomeric arm length       
 

 Df Sum Sq Mean Sq F value Pr(>F) 
Taxa 7 2.162e+11 3.088e+10 1198 <2e-16 
Residuals 2217 5.713e+10 2.577e+07   

Taxa diff lwr upr p adj 

Tco_ANR3-Tbb_427 -102.84401 -2516.027 2310.3388 1 
Tco_GAM2-Tbb_427 -1631.88838 -3795.179 531.4023 0.3002633 
Tco_WG84-Tbb_427 20138.02943 17882.974 22393.0849 0 
Tgo_KEN7-Tbb_427 15534.04406 13263.193 17804.8949 0 
Tsi_ERA_C2-Tbb_427 -6322.659 -8502.732 -4142.5863 0 
Tst_Tsavo_114-Tbb_427 -6390.19593 -8758.487 -4021.9049 0 
Tco_GAM2-Tco_ANR3 -1529.04437 -2899.437 -158.6513 0.0165712 
Tco_WG84-Tco_ANR3 20240.87344 18729.773 21751.9743 0 
Tgo_KEN7-Tco_ANR3 15636.88807 14102.315 17171.461 0 
Tsi_ERA_C2-Tco_ANR3 -6219.81499 -7616.55 -4823.0804 0 
Tst_Tsavo_114-Tco_ANR3 -6287.35192 -7962.748 -4611.9556 0 
Tco_WG84-Tco_GAM2 21769.91781 20702.303 22837.5323 0 
Tgo_KEN7-Tco_GAM2 17165.93244 16065.347 18266.5183 0 
Tsi_ERA_C2-Tco_GAM2 -4690.77062 -5589.237 -3792.3039 0 
Tst_Tsavo_114-Tco_GAM2 -4758.30755 -6048.008 -3468.6069 0 
Tgo_KEN7-Tco_WG84 -4603.98537 -5875.495 -3332.4754 0 
Tsi_ERA_C2-Tco_WG84 -26460.68843 -27561.911 -25359.466 0 
Tst_Tsavo_114-Tco_WG84 -26528.22536 -27966.55 -25089.901 0 
Tsi_ERA_C2-Tgo_KEN7 -21856.70306 -22989.919 -20723.487 0 
Tst_Tsavo_114-Tgo_KEN7 -21924.23999 -23387.204 -20461.276 0 
Tst_Tsavo_114-Tsi_ERA_C2 -67.53693 -1385.193 1250.1194 0.9999999 

Table A6 Univariate ANOVA results for MC arm length. 
 

Table A7 Statistical outputs of post-hoc Tukey HSD test for pairwise comparisons of subtelomeric arm length 
between seven trypanosome taxa. Bold text indicates significant p values. 
 




