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Abstract 16 

Background: Sleeping sickness caused by T.b. rhodesiense is a fatal disease and endemic in 17 

Southern and Eastern Africa. There is an urgent need to develop novel diagnostic and control 18 

tools in order to achieve elimination of rhodesiense sleeping sickness which might be achieved 19 

through a better understanding of trypanosome gene expression and genetics using endemic 20 

isolates. Here, we describe transcriptome profiles and population structure of endemic T. b. 21 

rhodesiense isolates in human blood in Malawi. 22 
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Methodology: Blood samples of r-HAT cases from Nkhotakota and Rumphi foci were collected 23 

in PaxGene tubes for RNA extraction before initiation of r-HAT treatment. 100 million reads 24 

were obtained per sample, reads were initially mapped to the human genome reference 25 

GRCh38 using HiSat2 and then the unmapped reads were mapped against Trypanosoma brucei 26 

reference transcriptome (TriTrypDB54_TbruceiTREU927) using HiSat2. Differential gene 27 

expression analysis was done using the DeSeq2 package in R. SNPs calling from reads that were 28 

mapped to the T. brucei genome was done using GATK in order to identify T.b. rhodesiense 29 

population structure. 30 

Results: 24 samples were collected from r-HAT cases of which 8 were from Rumphi and 16 from 31 

Nkhotakota foci. The isolates from Nkhotakota were enriched with transcripts for cell cycle 32 

arrest and stumpy form markers, whereas isolates in Rumphi focus were enriched with 33 

transcripts for folate biosynthesis and antigenic variation pathways. These parasite focus-34 

specific transcriptome profiles are consistent with the more virulent disease observed in 35 

Rumphi and a more silent disease in Nkhotakota associated with the non-dividing stumpy form. 36 

Interestingly, the Malawi T.b. rhodesiense isolates expressed genes enriched for reduced cell 37 

proliferation compared to the Uganda T.b. rhodesiense isolates. PCA analysis using SNPs called 38 

from the RNAseq data showed that T. b. rhodesiense parasites from Nkhotakota are genetically 39 

distinct from those collected in Rumphi.  40 

Conclusion: Our results have added new insights on how clinical phenotypes of r-HAT in Malawi 41 

might be associated with differences in gene expression profiles and population structure of T. 42 

b. rhodesiense from its two major endemic foci of Rumphi and Nkhotakota. 43 

Keywords: Rhodesiense Trypanosomiasis, transcriptome profiles, foci, population structure, 44 

clinical phenotype 45 
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Author Summary 46 

A better understanding of T. b. rhodesiense gene expression profiles and population structure 47 

using endemic isolate may fast track the current search for novel diagnostic and control tools 48 

for rhodesiense sleeping sickness. Here, we analysed T. b. rhodesiense transcriptome profiles 49 

from endemic isolated from peripheral blood in Nkhotakota and Rumphi foci in Malawi. In 50 

Nkhotakota focus, T. b. rhodesiense transcripts were enriched for cell cycle arrest and stumpy 51 

marker whereas in Rumphi focus, the isolates were enriched for antigenic variation and folate 52 

biosynthesis biological pathways. Furthermore, we also found that T. b. rhodesiense population 53 

structure in Nkhotakota focus is different from Rumphi focus. The differences in trypanosome 54 

gene expression profiles and population structure are consistent with a less severe and acute 55 

sleeping sickness clinical profiles in Nkhotakota and Rumphi foci respectively.  56 

 57 
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Introduction 67 

Human African trypanosomiasis (HAT) causes social and economic burdens on people living in 68 

remote areas where HAT is endemic. Trypanosoma brucei gambiense is the causative agent of 69 

gambiense HAT (g-HAT) in Western, Central and part of Eastern Africa, whereas, Trypanosoma 70 

brucei rhodesiense (Tbr) causes rhodesiense HAT (r-HAT) in Southern and Eastern Africa. 71 

Although, intensified HAT surveillance championed by the World Health Organisation has led 72 

to drastic decreases in HAT incidences over the past 20 years, r-HAT is still endemic in Malawi 73 

in areas adjacent to wildlife reserves such as Nkhotakota and Rumphi districts (1). For example, 74 

there was a sudden surge in r-HAT cases from 2019 to 2021 in Malawi’s r-HAT foci and the cause 75 

is yet to be established (2). To prevent future episodes of HAT outbreaks, there is need to 76 

develop novel epidemiological interventions and surveillance tools which might be achieved 77 

through a comprehensive understanding of the parasite genetics and gene expression profiles 78 

underlying HAT transmission cycle.  79 

Genetic recombination between T. b. rhodesiense and T. brucei brucei during circulation in 80 

animals and tsetse vectors is believed to result in creation of new strains that may impact the 81 

epidemiological landscape of HAT diseases as it may create a genetic pool of human infective 82 

trypanosomes (3). Genetic characterisation of Tbr isolates from Malawi and Uganda revealed 83 

that the genetic structure of trypanosomes between the two countries is different with T. b. 84 

rhodesiense  isolates in Uganda being more clonal compared to Malawi isolates that had greater 85 

genetic diversity and evidence of frequent mating (4). Moreover, r-HAT in Uganda tends to be  86 

an acute disease whereas it ends to be a more chronic disease in Malawi’s Nkhotakota focus 87 

(5). At the same time, genetic diversity of T. b. rhodesiense isolates have been observed 88 

between Uganda’s three r-HAT foci with expansion of new foci from Kenya (6). It remains 89 
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unclear to what extent differences in clinical presentation are associated with parasite or host 90 

genetic diversity. We previously described human transcriptome profiles in r-HAT disease in 91 

Nkhotakota and Rumphi foci in Malawi where  r-HAT clinical presentation is different between 92 

the two foci (7). We also found that there were differences in expression profiles in individuals 93 

with stage 1 and stage 2 disease but no differences in infected individuals between Nkhotakota 94 

and Rumphi foci (7). 95 

Therefore, the current study describes transcriptome profiles and population structure of T.b. 96 

rhodesiense parasites isolated from r-HAT patients in the endemic foci of Nkhotakota and 97 

Rumphi in Malawi. Additionally, we have also compared the transcriptome profiles of Tbr 98 

isolates between Malawi and Uganda. Our data shows that the differences in pathology 99 

between the two foci is associated with differences in parasite population structure. This may 100 

contribute to the search for novel trypanosome diagnostic markers and control strategies. 101 

 102 

Methods 103 

Ethics statement and Sample Collection 104 

The r-HAT surveillance and study participants recruitment for blood sample collection to be 105 

used for dual RNA sequencing has been previously described (2). Ethical approval of the study 106 

was obtained from the Malawi National Health Sciences Research Committee (Protocol 107 

Number: 19/03/2248). Consent and assent were obtained from each study participant before 108 

sample collection. Briefly, sample collection was done during active and passive r-HAT 109 

surveillances conducted for 18 months from July 2019 to December 2020. HAT cases were 110 

confirmed to be infected with trypanosome parasites by microscopic examination of thick 111 
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blood films during the surveillance period. 2ml whole blood samples were collected into 112 

Paxgene® tubes from r-HAT cases and stored at -20ºC until processing. All samples were 113 

collected before initiation of r-HAT treatment and all patients were thereafter treated following 114 

the national r-HAT treatment guidelines. Thereafter, a PCR targeting the serum resistance 115 

associated  (SRA) gene of T. b. rhodesiense (28), was used to confirm rhodesiense HAT disease 116 

in recruited study participants.  117 

RNA sequencing and analysis 118 

Dual RNA sequencing was done on the same samples that we used for human transcriptome 119 

analysis we previously described. Since trypanosomes are blood parasites it was possible to 120 

obtain trypanosome transcriptomes from the same RNA-seq data. Briefly, RNA was extracted 121 

from blood of T. b. rhodesiense infected individuals using TRIzol method (29). Samples with 122 

total RNA >1µg were selected for RNA library preparation using the QIASeq FastSelect rRNA, 123 

globin mRNA was depleted and libraries were prepared for sequencing Illumina NovaSeq with 124 

the  NEBNext Ultra II Directional RNA Library Prep Kit  a target depth of 100 million reads. FASTQ 125 

reads were aligned to the GRCh38 release 84 human genome sequence obtained from Ensembl 126 

(Howe et al., 2021) using HiSat2 (Kim et al 2019). Unmapped reads were then mapped against 127 

reference transcriptome TriTrypDB54_TbruceiTREU927 using HiSat2. After mapping to the T. 128 

brucei transcript sequence only reads that were mapped in proper pairs were retained in the 129 

output bam-file for differential gene expression in R Studio V4.2 using DESeq2 package (30),  130 

transcripts with less than 10 reads across all samples were filtered out. Enriched biological 131 

pathways were determined by uploading significant (padj<0.05) differentially expressed genes 132 

in TriTryDB release 61 (13). 133 

T.b. rhodesiense SNP Calling and analysis 134 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 12, 2023. ; https://doi.org/10.1101/2023.07.11.548495doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.11.548495
http://creativecommons.org/licenses/by/4.0/


The GATK workflow was used for SNP calling from reads that were mapped to the T.brucei 135 

transcriptome. VSG and ESAG genes were removed prior to population structure analysis since 136 

the numerous copies of these genes make mapping difficult, leading to SNP calls due to miss-137 

alignment rather than mutation (31). The resulting SNP data set was used in PLINK line for: i) 138 

multidimensional scaling (MDS) analysis based on raw Hamming genetic distance to generate 139 

principal coordinates as well as population cluster distance matrix and ii) for Fixation index 140 

estimation of allele variance based on Wright’s F-Statistics (FST) (21, 32). Graphical output of 141 

PCA and hierarchical clustering was prepared in R Studio version 4.3.1(33). 142 

 143 

Results 144 

No Differences in T.b. rhodesiense Transcriptomes from Stage 1 and 2 HAT isolates 145 

We had previously identified differences in human transcriptomes between individuals with 146 

stage 1 and stage 2 HAT disease in Malawi (7). We used RNA-seq data from the same samples 147 

of r-HAT cases to align to the T. brucei transcriptome for trypanosome transcriptome analysis. 148 

A total of 16 and 8 cases were collected from Nkhotakota and Rumphi respectively. We 149 

compared transcriptomes of T.b. rhodesiense isolated in individuals with stage 1 and 2 HAT, no 150 

T.b. rhodesiense genes were significant differentially expressed (DE) between these two stages. 151 

There was also no difference in gene expression of T.b. rhodesiense parasites isolated from 152 

male and female HAT cases. 153 

Enrichment of Cell Cycle Arrest and Stumpy form Marker Transcripts in Nkhotakota T.b. 154 

rhodesiense isolates 155 
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Clinical presentation of HAT disease in Malawi is focus dependent (2). To determine the 156 

contribution of variations in trypanosome gene expression to focus specific clinical phenotypes, 157 

we performed a principal component analysis (PCA) and differential transcriptome analysis of 158 

T.b. rhodesiense genes of parasites from Nkhotakota and Rumphi focus. Four samples were 159 

identified as outliers in the PCA and were excluded from the analysis (Fig S1A). Principal 160 

components 2 and 3 separated T.b. rhodesiense transcriptomes from the two HAT foci into two 161 

distinct clusters (Fig 1A), and a total of 91/10628 (0.86 %) genes were significant (padj < 0.05) 162 

differentially expressed between the two foci. Of the 91 genes, 21/91 (23.08 %) genes were 163 

upregulated log2 fold change (log2FC) >1 in isolates from Nkhotakota (Fig 1B and Table S1), of 164 

which 43 % (9/21) of the genes encode for ESAG1, ESAG9 and ESAG11. ESAG1 is a T. brucei heat 165 

shock protein that induces differentiation of procyclic trypanosomes to blood stream forms in 166 

vitro when there is a temperature shift from 27ºC to 37ºC (8). ESAG 9 is a stumpy form marker 167 

that is enriched in T. brucei as adaptation for either tsetse vector transmission or for 168 

sustainability of infection chronicity in mammalian hosts (9, 10). ESAG11 encodes GPI 169 

transmembrane protein which plays a role in lipid raft and glycosylation of T. brucei VSGs (11, 170 

12). Two DEGs encoded VSG (Fig S1B). 171 

To determine biological pathways exploited by T.b. rhodesiense during human infection in 172 

Nkhotakota focus, upregulated genes (21/91) were loaded into TriTrypDB release 60 (13). For 173 

this, we observed genes that were enriched (p<9.63E-3) for endomembrane system 174 

organization, retrograde vesicle-mediated transport, Golgi organization, Golgi vesicle transport 175 

and plasma membrane organization (Fig 1C, Fig S2 and Table S2). We also observed enrichment 176 

of genes for mitotic cell cycle arrest, negative regulation of cellular amide metabolic process, 177 

negative regulation of cellular protein metabolic process and negative regulation of protein 178 

metabolic process.  179 
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Collectively, these results indicate that the Tbr isolates from Nkhotakota were predominantly 180 

in the stumpy form which could explain the chronic form of HAT in this focus when compared 181 

to Rumphi. 182 

Enrichment of folate biosynthesis and antigenic variation transcripts in Rumphi T.b. 183 

rhodesiense Isolates 184 

From the 91/10628 differentially expressed genes (DEGs) in T.b. rhodesiense isolates, 43/91 185 

(47.25%) genes were upregulated (padj> 1.0) in isolates from Rumphi focus (Fig 2A and Table 186 

S1). Of the 43 genes, 14 (33%) coded for VSGs (log2FC >1.7- 5.8), and4 (9%) for ESAGs. M6 rRNA 187 

was the most significant (padj<3.35E -25) differentially expressed gene and highly upregulated 188 

(log2FC >5) suggesting high protein synthesis in Rumphi Tbr isolates compared to isolates in 189 

Nkhotakota focus. Kinesin K39 was also upregulated in Rumphi parasites and is an ATP-190 

dependent cytoskeleton motor protein which in eukaryotic cells plays a crucial role in cell cycle 191 

and migration (14). In Leishmania donovani, a trypanosomatid that causes leishmaniasis, K39 192 

kinesis accumulates and moves along the cortical cytoskeleton in a cell cycle-dependent 193 

preference for the posterior pole of the cell (15). 194 

Next, we uploaded the 43 DEGs upregulated in Rumphi focus into TriTrypDB release 60 (13), to 195 

determine biological processes that were enriched and visualised the enriched biological 196 

processes in REVIGO (16). For this we identified high enrichment (48.19 to 144.58 fold 197 

enrichment) of Pteridine metabolic processes and transport (Table S3).  Pteridine together with 198 

folic acid are essential folates used for metabolic biosynthesis of DNA, RNA and amino acids 199 

(17). Trypanomastids exploits pteridine and folic acid metabolites in mammalian hosts and 200 

insect vectors for folate biosynthesis of purine and pyrimidine nucleotides. We also observed 201 

enrichment of T. b. rhodesiense biological processes involved in response and evasion of host 202 
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immune response as well as in pathogen-host interaction (Fig 2B). These results suggest that 203 

the Tbr isolates from Rumphi were enriched for bloodstream forms that are highly replicative 204 

and exploiting the human folate metabolites for nucleotide synthesis. This could perhaps 205 

explain the observed acute nature of rHAT disease in Rhumpi as compared to Nkhotakota. 206 

Malawi T. b. rhodesiense parasites are enriched with cell cycle arrest transcripts compared to 207 

Uganda T. b. rhodesiense parasites 208 

Since T. b. rhodesiense gene expression is different between Malawi’s r-HAT foci and clinical 209 

presentation of r-HAT varies between countries (5, 18), we next sought to compare gene 210 

expression of Malawi parasites with published data from Ugandan parasites (19, 20). We first 211 

identified gene IDs that were mapped to both Malawi and Uganda Tbr isolates and filtered out 212 

gene IDs found in isolates of one country only. In total, 7003 Tbr Gene IDs had counts that were 213 

common to both Malawi and Uganda isolates were then loaded into DEseq2 for differential 214 

gene expression and principal component analysis. There was a distinct clustering in PCA1 and 215 

PCA3 between Malawi and Uganda human Tbr isolates (Fig S3). Parasites from Uganda also 216 

clustered together and were distinct from the Malawi parasites suggesting clonality of isolates, 217 

and isolates from rodents clustered differently from human isolates of both countries. Since 218 

rodents samples clustered differently from human samples, we removed them from further 219 

expression analysis.  220 

A comparison of human Tbr isolates from Malawi and Uganda showed that 3132/7003 (44.72%) 221 

gene were significantly (padj< 0.05) differentially expressed of which 1565/3132 (49.97%) gene 222 

were upregulated in Malawi (log2FC >1) and 753/3132 (24.04%) genes were downregulated 223 

(Fig 3A and 3B). Among upregulated transcripts was serum resistance associated (SRA) gene 224 

(Fig S4), which enables establishment of human infections by binding to APOL-1 human serum 225 
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lytic protein. We further identified 127/1565 (8.12%) genes that were significant differentially 226 

expressed with padj< 8.33E -35 and highly upregulated (log2FC > 13.5 to 17.0) in Malawi Tbr 227 

isolates. Among the most upregulated genes were T.brucei protein Associated with 228 

Differentiation (TbPAD2, log2FC 17.0) and TbPAD2 (log2FC 16.0) which are stumpy markers for 229 

blood stream trypanosomes. To identify gene ontology biological pathways enriched by the 127 230 

genes, we uploaded the gene list in TriTrypDB release 60 and visualised in REVIGO (13). This 231 

identified regulation of cell growth, regulation of growth, mitotic cell cycle arrest, regulation of 232 

cell population proliferation and regulation of developmental process among the enriched 233 

biological pathways for Malawi T. b. rhodesiense isolates compared to Uganda parasites (Fig 234 

3C). This suggests that Malawi T. b. rhodesiense are enriched with stumpy parasites which are 235 

necessary for efficient transmission in tsetse vector compared to Uganda T. b. rhodesiense and 236 

could explain the more chronic nature of the Malawi strain as compared to the Uganda strain. 237 

Population Structure and Genetic diversity of T. b. rhodesiense isolates Varies Between 238 

Rumphi and Nkhotakota Foci 239 

Having identified that T. b. rhodesiense gene expression profiles in Malawi are focus specific, 240 

we next sought to understand whether there are differences in allele frequencies between 241 

Nkhotakota and Rumphi isolates. SNP calling from reads that were mapped to the T.brucei 242 

genome was done using GATK workflow and loaded in PLINK command line for 243 

multidimensional scaling (MDS) analysis based on raw Hamming genetic distance (21). The 244 

results showed a clear population stratification and genetic distance of isolates from 245 

Nkhotakota and Rumphi focus on principal components (PC) 1 and PC 2 (Fig 4A). The distance 246 

matrix was then used to construct a phylogenetic tree with unrooted neighbour-joining without 247 

assuming evolutionary hierarchy. The phylogenetic tree showed a clear genetic distance 248 

between T. b. rhodesiense populations in Nkhotakota and Rumphi focus (Fig 4B). We next used 249 
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fixation index (Fst) to measure the between groups genetic variance in T. b. rhodesiense 250 

populations from Nkhotakota and Rumphi. Using many SNP markers called from RNA-seq data, 251 

it is possible to get an estimate of genetic differentiation without needing to use a large sample 252 

size (22). An Fst value of 1 suggests complete differentiation in allele frequency between 253 

subpopulations while a value of 0 suggests no differentiation and a mean Fst of greater than 254 

0.15 is considered significant in differentiating populations (21). There was a mean Fst of 0.31 255 

between the two populations and 352 SNPs had an Fst of 1.0 of which most were on 256 

chromosome 1 (Fig 4C). The results suggest diversity in Tbr population structure between 257 

Nkhotakota and Rumphi focus isolates which might be due to fixation of alleles in one 258 

population or the other. 259 

Discussion 260 

In the current study we have compared gene expression profiles and population structure of T. 261 

b. rhodesiense isolates between Nkhotakota and Rumphi foci. Additionally, we have compared 262 

gene expression profiles between Malawi and Uganda, representing Southern Africa and 263 

Eastern Africa respectively. Overexpression of VSGs in Rumphi isolates suggest high 264 

proliferation of bloodstream slender form trypanosomes compared to isolates in Nkhotakota. 265 

Slender Trypanosomes use a repertoire of VSGs to evade host adaptive immune system 266 

whereas, stumpy trypanosomes do not express VSGs. This is consistent with differential 267 

expression of kinesin K39 which maintains cell cytoskeleton integrity during the cell cycle. 268 

Moreover, high human antibody titre against Leishmania chagas and Leishmania donovani 269 

kinesin K39 antigen has been detected in patients with Chagas disease making kinesin K39 a 270 

potential biomarker for serological diagnosis (23). Identification of kinesin K39 in T. b. 271 
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rhodesiense isolates highlights this as a potential biomarker for a much need serodiagnosis of 272 

T. b. rhodesiense infections and should be validated in future studies.  273 

We have also identified high enrichment of transcripts for pteridine in T. b. rhodesiense isolates 274 

form Rumphi focus. Structural differences between the fusion protein DHFR-ThyS in 275 

trypanosomatids and the individual polypeptides in humans make this protein (folate) an 276 

attractive target for rational drug design which should be exploited in future research. 277 

Additionally, exploitation of host folate metabolites by T. b. rhodesiense isolate may have 278 

implications of clinical pathology of r-HAT as it may induce host anaemia when the parasite 279 

uses haemoglobin as a folate source. Consistent with this finding, studies on clinical 280 

presentation of HAT in Malawi had identified anaemia as one of the clinical pathology 281 

associated with HAT patients (24). 282 

The contrasting enrichment of genes required for adaption of T. b. rhodesiense transmission to 283 

tsetse fly vector and sustainability of blood stream slender trypanosomes in Nkhotakota and 284 

Rumphi foci may have implications on r-HAT clinical phenotype, control and elimination. 285 

Indeed, we previously established that most r-HAT cases in Nkhotakota present with a stage 1 286 

disease whereas in Rumphi most r-HAT cases present with a severe stage 2 r-HAT disease (2). 287 

Virulence of trypanosome infection in mammalian host is determined by accumulation of a 288 

population of slender trypanosomes (25). We speculate that severe acute cases of r-HAT 289 

observed in Rumphi in comparison to Nkhotakota, might be due to the ability of isolates in 290 

Rumphi to maintain high population of slender trypanosomes whereas those in Nkhotakota foci 291 

have predominantly the non-dividing stumpy forms and hence lower parasitaeimia. We further 292 

propose that T. b. rhodesiense isolates in Nkhotakota focus might be highly transmissible as 293 

they overexpressed stumpy markers whereas isolates in Rumphi focus maybe less transmissible 294 

due to high maintenance of a slender trypanosome population during human infections. 295 
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Nonetheless, future research should consider validating our current findings using appropriate 296 

experimental models.  297 

Comparison of gene expression profiles between Malawi (Southern Africa) and Uganda (East 298 

Africa) showed distinct clustering of samples between the two countries which is consistent 299 

with microsatellite analysis results of isolates from Malawi and Uganda (4, 6). Additionally, 300 

previous population genetics analysis identified that Ugandan isolates have a clonal population 301 

compared to diversified Malawi (Nkhotakota focus) isolates which was consistent with our 302 

transcriptomics results. Enrichment of cell cycle arrest biological pathways in Malawi isolates 303 

demonstrates the need for control strategies to focus on breaking the contact cycle between 304 

humans and tsetse fly vectors in Malawi r-HAT foci. Stratification of samples from human and 305 

rodents also suggests that T. brucei exploits different genes when circulating in dissimilar 306 

mammalian hosts. Inference from animal models or cell culture results on disease in humans 307 

should be done with caution as it may not be a true representation of T. b. rhodesiense infection 308 

dynamic in humans. For example, all expressed VSG that were identified by Jayaraman et.al., 309 

through long read sequencing of T. brucei passages in mice (26), were not differentially 310 

expressed in our data and vice versa. This might explain the challenge that has been in 311 

identifying expressed antigens that may be used as novel biomarkers for diagnostics and 312 

vaccine development in humans. 313 

We have also identified 2 and 14 unique VSGs in Nkhotakota and Rumphi isolates respectively, 314 

that were expressed by T. b. rhodesiense in all blood samples analysed. Blood samples used in 315 

the current study were randomly collected over a period of 18 months excluding the possibility 316 

that the expressed VSG were randomly expressed. Although most expressed VSGs are highly 317 

antigenic and constantly changing, some VSG also elicit little host antibody response thereby 318 

subverting natural immunity (27).  The identified VSGs have a potential to be explored in future 319 
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research to determine if they continue to be consistently expressed, then they could be used 320 

as biomarkers for a much-needed rapid diagnostic test and vaccine against T. b. rhodesiense 321 

infections. In animal trypanosomes, a unique VSG expressed throughout infection has been 322 

used to develop a vaccine candidate that offered protection against T. vivax infection in mice 323 

models which has a potential of a clinical trial (27). 324 

In conclusion, our results from both gene expression profiles and population genetic analysis 325 

have added new insights on how clinical phenotypes of r-HAT might be influenced by 326 

differences in T. b. rhodesiense population structure and gene expression profiles. We have 327 

used RNA-seq data to call T. b. rhodesiense SNPs from endemic isolates which will contribute to 328 

future studies of T. b. rhodesiense population genetics. SNP analysis results showed a distinct 329 

stratification in the T. b. rhodesiense population structure between isolates from Nkhotakota 330 

and Rumphi foci suggesting that there is little mixing of parasites between these two foci and 331 

that there is potential to control the infection in each focus independently. This is consistent 332 

with the results we obtained from trypanosome gene expression profiles which showed distinct 333 

clustering of gene expression profiles of isolates form each focus. Additionally, we 334 

have showed that transcriptome profiles of T. b. rhodesiense isolates in Nkhotakota and 335 

Rumphi are different. Peripheral blood trypanosomes in Nkhotakota were enriched 336 

with transcripts for stumpy trypanosomes, whereas in Rumphi, the trypanosome transcripts 337 

were enriched for antigenic variation and folate biosynthesis. Lastly, we have also 338 

identified differences in transcriptome profiles between Malawi and Uganda T. b. 339 

rhodesiense isolates. Pulled transcriptomes of Malawi T. b. rhodesiense were enriched for cell 340 

cycle arrest compared to Uganda isolates. Future research should consider validating our 341 

findings by obtaining pathological markers in rodents infected with T. b. rhodesiense isolates 342 

from Nkhotakota and Rumphi foci. 343 
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Figure 1. Differentially expressed T.b. rhodesiense genes. A) stratification of T.b. rhodesiense 465 

transcriptomes in isolates between Nkhotakota and Rumphi focus on a plot of PC2 and PC3. 466 

B)  Genes that were upregulated with log2FC >1 in isolates from Nkhotakota. C) Biological 467 

pathways of T.b. rhodesiense upregulated genes enriched in during human infection in 468 

Nkhotakota focus. The axex in the plot have no intrinsic meaning but semantically similar GO 469 

terms remain together in the plot (16). 470 
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 472 

Figure 2. Differential gene expression of Tbr isolates from Rumphi focus. A) Genes that were 473 

upregulated with log2FC >1. B) Biological pathways of T.b. rhodesiense upregulated genes 474 

enriched in during human infection. Folate biosynthesis and response to host were among 475 

the enriched pathways. 476 
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Figure 3. Comparison of gene expression profiles between Malawi and Uganda Tbr isolates. 478 

A) PCA analysis of Tbr isolated in individuals with stage 1 and stage 2 r-HAT in Malawi and 479 

Uganda. Sample MN034T was intermediate between Malawi and Uganda Tbr isolates  B) A 480 

eucledian heatmap generated in PCAExploler comparing the gene explession level of each Tbr 481 

isolate from Malawi and Uganda. Sample MN034T that was intermediate in PCA also had an 482 

intermediate gene expression levels compared to other Malawi isolates  C) Enriched biological 483 

pathways of Malawi Tbr isolates compare to Uganda isoltes loaded in TriTrypDB release 60 484 

and visualised in REVIGO (13, 16). Most of the transcripts were enriched for reduced cell 485 

proliferation in Malawi isolates compared to Uganda isolates. 486 
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Figure 4. Polulation structure and genetic diversity of Tbr between Nkhotakota and Rumphi 488 

foci. A) population stratification and genetic distance of isolates from Nkhotakota and Rumphi 489 

foci on Principal Component Analysis (PCA) 1 and PCoA 2. B Unscaled hierarchical  clustering 490 

dendogram showing the relatedness of Tbr isolates from Nkhotakota and Rumphi foci that 491 

was generated using population cluster distance matrix. Blue and black color represents 492 

isolates from Rumphi and Nkhotakota respectively 493 
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Supplementary data 
 

 
 
Figure S1. Differential gene expression analysis of Tbr isolates from Nkhotakota versus Rumphi 
foci. A) PCA analysis showing outlier samples from both Nkhotakota and Rumphi foci that were 
excluded from further analysis. B) Proportions of upregulated differentially expressed genes in 
in Nkhotakota Tbr isolates with ESAG transcripts being the most upregulated 
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Figure S2. Fold enrichment of gene ontology biological processes of Nkhotakota Tbr isolates 
loaded in TriTrypDB (11). 
 
 
 
 

 
 
Figure S3. Principal component analysis of Tbr transcriptomes comparing human isolates from 
Nkhotakota (16 isolates), Rumphi (Eight isolates), Uganda (Four isolates) and Tbr isolates 
passaged in rodents.  
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Table S1: List of Genes that were significant (padj<0.05)differentially expressed in Tbr isolates 
from Nkhotakota focus versus Rumphi focus 
 

GeneID GeneName padj Nkhota 
log2FC 

Rumphi 
log2FC 

Tb927.1.5220:mRNA expression site-associated gene 9 (ESAG9) protein 8.571E-14 7.05 -7.05 
Tb09.v4.0065:mRNA expression site-associated gene 1 (ESAG 1) 5.393E-17 5.11 -5.11 

Tb927.11.17890:mRNA expression site-associated gene 1 (ESAG1) protein 3.933E-10 4.46 -4.46 
Tb927.9.680:pseudogenic_transcript expression site-associated gene 9 (ESAG9) 2.434E-09 4.09 -4.09 

Tb927.11.17870:mRNA variant surface glycoprotein (VSG) 1.619E-12 4.01 -4.01 
Tb927.9.700:mRNA hypothe[cal protein 3.518E-02 3.32 -3.32 

Tb927.11.18670.1 expression site-associated gene 9 (ESAG9) 3.542E-03 3.18 -3.18 
Tb927.9.690:pseudogenic_transcript variant surface glycoprotein (VSG 3.032E-05 3.17 -3.17 

Tb11.1000:mRNA expression site-associated gene 9 (ESAG9) protein 2.298E-02 3.15 -3.15 
Tb927.9.660:mRNA expression site-associated gene 1 (ESAG1) protein 3.397E-04 3.01 -3.01 

Tb11.v5.0984.1 hypothe[cal protein 7.535E-03 2.95 -2.95 
Tb9.NT.6:ncRNA Noncoding RNA 1.396E-03 2.56 -2.56 

Tb927.5.150:mRNA hypothe[cal protein 2.298E-02 2.43 -2.43 
Tb927.1.4900:mRNA expression site-associated gene 11 (ESAG11) protein 1.320E-02 1.93 -1.93 

Tb927.2.510:mRNA retrotransposon hot spot protein 4 (RHS4) 1.103E-06 1.88 -1.88 
Tb927.7.370:mRNA hypothe[cal protein 9.459E-03 1.53 -1.53 

Tb927.1.4910:mRNA expression site-associated gene 1 (ESAG1) protein 1.782E-04 1.51 -1.51 
Tb11.0290:mRNA chrXI addi[onal 2.316E-02 1.31 -1.31 

Tb927.7.410:mRNA hypothe[cal protein 2.655E-02 1.16 -1.16 
Tb927.2.3310:mRNA 65 kDa invariant surface glycoprotein 3.022E-02 1.15 -1.15 
Tb927.4.3550:mRNA 60S ribosomal protein L13a 4.148E-02 1.04 -1.04 

Tb927.6.182:rRNA M6 ribosomal RNA 3.369E-21 -5.36 5.36 
Tb927.4.200:mRNA retrotransposon hot spot protein 1 (RHS1) 4.492E-08 -2.96 2.96 

Tb927.1.5170:mRNA variant surface glycoprotein (VSG)-related 8.914E-06 -2.00 2.00 
Tb927.3.5820:pseudogenic_transcrip

t 
expression site-associated gene 11 (ESAG11) 1.185E-05 -3.55 3.55 

Tb11.v5.0301.1 glycerol uptake protein 7.464E-05 -1.54 1.54 
Tb927.7.7540:pseudogenic_transcrip

t 
leucine-rich repeat protein 1 (LRRP1) 7.685E-04 -1.35 1.35 

Tb927.8.7830:mRNA hypothe[cal protein 9.703E-04 -1.28 1.28 
Tb927.11.17550:mRNA Unknown 1.601E-03 -4.55 4.55 

Tb927.10.2990:mRNA nuclear cap binding complex subunit CBP110 1.601E-03 -1.14 1.14 
Tb08.27P2.70:mRNA Unknown 1.798E-03 -5.33 5.33 
Tb08.27P2.80:mRNA hypothe[cal protein 1.798E-03 -4.24 4.24 
Tb927.1.5110:mRNA expression site-associated gene 11 (ESAG11) protein 2.501E-03 -2.03 2.03 

Tb927.6.550:mRNA hypothe[cal protein 2.780E-03 -1.58 1.58 
Tb11.v5.0376.1 Trypanosomal VSG domain containing protein 3.462E-03 -2.72 2.72 

Tb927.11.17540:pseudogenic_transcr
ipt 

variant surface glycoprotein (VSG 3.462E-03 -2.69 2.69 

Tb11.v5.0381.1 hypothe[cal protein 3.462E-03 -1.74 1.74 
Tb10.v4.0061:pseudogenic_transcript Unknown 6.156E-03 -5.85 5.85 

Tb927.10.10220:mRNA Unknown 6.302E-03 -3.24 3.24 
Tb927.9.15560:mRNA BARP protein 7.910E-03 -2.65 2.65 

Tb11.v5.1039.1 nuclear cap binding complex subunit CBP110 8.036E-03 -1.08 1.08 
Tb927.10.12750:mRNA hypothe[cal protein 1.269E-02 -1.59 1.59 

Tb927.4.240:pseudogenic_transcript retrotransposon hot spot protein 4 (RHS4) 1.563E-02 -1.94 1.94 
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Tb927.7.3830:mRNA kinesin K39 1.728E-02 -1.38 1.38 
Tb927.4.5350:pseudogenic_transcrip

t 
3-methylcrotonyl-CoA carboxylase 2.286E-02 -1.08 1.08 

Tb927.11.810:mRNA hypothe[cal protein 2.286E-02 -1.05 1.05 
Tb927.1.5240:mRNA Unknown 2.308E-02 -4.80 4.80 
Tb10.v4.0070:mRNA Unknown 2.405E-02 -4.67 4.67 
Tb927.2.240:mRNA retrotransposon hot spot protein 5 (RHS5) 2.613E-02 -1.30 1.30 

Tb10.v4.0096:mRNA variant surface glycoprotein (VSG) 3.139E-02 -2.43 2.43 
Tb927.10.11470:mRNA hypothe[cal protein 3.264E-02 -1.01 1.01 

Tb09.v4.0143:pseudogenic_transcript variant surface glycoprotein (VSG 3.276E-02 -1.85 1.85 
Tb09.v4.0109:mRNA hypothe[cal protein 3.276E-02 -1.66 1.66 
Tb927.1.2880:mRNA pteridine transporter 3.286E-02 -1.30 1.30 

Tb927.11.17460:mRNA variant surface glycoprotein (VSG) 4.090E-02 -2.47 2.47 
Tb927.1.4870:mRNA expression site-associated gene 1 (ESAG1) protein 4.148E-02 -1.21 1.21 

Tb11.1060:pseudogenic_transcript Unknown 4.162E-02 -4.52 4.52 
Tb927.7.6540:mRNA variant surface glycoprotein (VSG 4.162E-02 -2.29 2.29 

Tb11.1470:pseudogenic_transcript variant surface glycoprotein (VSG 4.162E-02 -1.80 1.80 
Tb927.6.5320:pseudogenic_transcrip

t 
Unknown 4.264E-02 -4.33 4.33 

Tb927.5.2360:mRNA hypothe[cal protein 4.444E-02 -1.05 1.05 
Tb11.1200:mRNA hypothe[cal protein 4.607E-02 -1.10 1.10 

Tb11.v5.0416.1 Variant Surface Glycoprotein 4.947E-02 -1.79 1.79 
Tb927.7.6780:mRNA hypothe[cal protein 4.947E-02 -1.13 1.13 

Tb927.11.10740:mRNA vacuolar sor[ng-associated protein-like 4.607E-02 0.95 0.95 
Tb927.10.560:mRNA 40S ribosomal proteins S11 4.148E-02 0.91 0.91 

Tb927.5.620:mRNA invariant surface glycoprotein 2.892E-02 0.91 0.91 
Tb11.v5.0871.1 hypothe[cal protein 2.069E-02 0.89 0.89 

Tb927.9.14000:mRNA 60S ribosomal protein L12 2.344E-02 0.80 0.80 
Tb11.v5.0326.1 retrotransposon hot spot (RHS) protein 4.148E-02 0.74 0.74 

Tb927.3.1290:mRNA cullin 4B 4.148E-02 -0.68 -0.68 
Tb927.1.180:mRNA retrotransposon hot spot protein 1 (RHS1) 4.325E-02 -0.70 -0.70 

Tb927.11.16010:mRNA hypothe[cal protein 4.325E-02 -0.74 -0.74 
Tb927.11.4280:mRNA hypothe[cal protein 4.264E-02 -0.76 -0.76 
Tb927.9.12160:mRNA hypothe[cal protein 2.286E-02 -0.78 -0.78 

Tb927.11.890:mRNA hypothe[cal protein 1.394E-02 -0.78 -0.78 
Tb927.8.6790:mRNA hypothe[cal protein 1.149E-02 -0.79 -0.79 

Tb927.1.220:mRNA retrotransposon hot spot protein 1 (RHS1) 1.394E-02 -0.81 -0.81 
Tb927.1.120:mRNA retrotransposon hot spot protein 4 (RHS4) 3.324E-02 -0.84 -0.84 

Tb927.10.14510:mRNA root hair defec[ve 3 GTP-binding protein (RHD3) 4.461E-03 -0.84 -0.84 
Tb927.10.14900:mRNA hypothe[cal protein 4.739E-02 -0.85 -0.85 

Tb927.9.5520:mRNA ubiqui[n carboxyl-terminal hydrolase 6.156E-03 -0.86 -0.86 
Tb927.7.6650:mRNA Colon cancer-associated protein Mic1-like 3.286E-02 -0.86 -0.86 

Tb927.11.6120:mRNA ABC transporter 2.640E-02 -0.87 -0.87 
Tb927.7.6760.1:mRNA hypothe[cal protein 9.459E-03 -0.87 -0.87 

Tb927.2.5480:mRNA hypothe[cal protein 4.577E-02 -0.92 -0.92 
Tb927.10.2570:mRNA lysosomal alpha-mannosidase precursor 2.292E-03 -0.93 -0.93 

Tb11.02.5130b.1 neurobeachin/beige protein 4.148E-02 -0.94 -0.94 
Tb927.4.4510:mRNA protein phosphatase 2C 4.148E-02 -0.98 -0.98 
Tb927.1.5150:mRNA hypothe[cal protein 2.501E-03 -0.99 -0.99 
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Table S2: Significant (p<0.05) gene ontology enrichment of T.b. rhodesiense biological processes 
of differentially enriched genes (DEGs) that were upregulated (log2FC > 1) in Nkhotakota focus 
and loaded in TritrypDB. The fold enrichment is the percentage of genes loaded divide by the 
percentage of genes with this term in the background. The p-value measured the Fishers exact 
test. 
 

Gene Ontology  Biological Process Fold Enrichment (FE) P-value of FE 

GO:0010256 Endomembrane system organiza[on 52.9 2.09E-05 

GO:0006890 Retrograde vesicle-mediated transport, Golgi to endoplasmic 

re[culum 

80.32 0.000265 

GO:0007030 Golgi organiza[on 49.86 0.000698 

GO:0048193 Golgi vesicle transport 16.06 0.006566 

GO:0007009 Plasma membrane organiza[on 103.27 0.009646 

GO:0046907 Intracellular transport 5.71 0.013654 

GO:0033036 macromolecule localiza[on 5.63 0.014146 

GO:0051649 establishment of localiza[on in cell 5.6 0.014345 

GO:0071850 mito[c cell cycle arrest 60.24 0.016484 

GO:0071705 nitrogen compound transport 5.21 0.017424 

GO:0009299 mRNA transcrip[on 51.64 0.019207 

GO:0042789 mRNA transcrip[on by RNA polymerase II 51.64 0.019207 

GO:0051641 cellular localiza[on 4.99 0.019631 

GO:0016043 cellular component organiza[on 3.52 0.021239 

GO:0071702 organic substance transport 4.82 0.021481 

GO:0000028 ribosomal small subunit assembly 40.16 0.024632 

GO:0034249 nega[ve regula[on of cellular amide metabolic process 34.42 0.028683 

GO:0017148 nega[ve regula[on of transla[on 34.42 0.028683 

GO:0006406 mRNA export from nucleus 26.77 0.036739 

GO:0051248 nega[ve regula[on of protein metabolic process 25.82 0.038075 

GO:0032269 nega[ve regula[on of cellular protein metabolic process 25.82 0.038075 

GO:0016192 vesicle-mediated transport 6.29 0.038778 

GO:0071840 cellular component organiza[on or biogenesis 2.92 0.039403 

GO:0006886 intracellular protein transport 6.15 0.040331 

GO:0000462 matura[on of SSU-rRNA from tricistronic rRNA transcript 

(SSU-rRNA, 5.8S rRNA, LSU-rRNA) 

24.1 0.040744 

GO:0051028 mRNA transport 23.32 0.042075 

GO:0034645 cellular macromolecule biosynthe[c process 3.68 0.04321 

GO:0009059 macromolecule biosynthe[c process 3.66 0.04377 

GO:0006405 RNA export from nucleus 21.26 0.04606 
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Tables S3: Significant (p<0.05) gene ontology (GO) enrichment of T.b. rhodesiense biological 
processes of differentially enriched genes (DEGs) that were upregulated (log2FC > 1) in Rumphi 
focus and loaded in TritrypDB. The fold enrichment is the percentage of genes loaded divide by 
the percentage of genes with this term in the background. The p-value measured the Fishers 
exact test. 
 

GO ID BIOLOGICAL PROCESS FOLD ENRICHMENT (FE) P-VALUE OF FE  

GO:0075136 Response to host 11.47 5.53E-05 
GO:0052200 Response to host defenses 11.47 5.53E-05 
GO:0052173 Response to defenses of other organism 11.47 5.53E-05 
GO:0051707 Response to other organism 11.47 5.53E-05 
GO:0042783 Evasion of host immune response 11.47 5.53E-05 
GO:0043207 Response to external bio[c s[mulus 11.47 5.53E-05 
GO:0052572 Response to host immune response 11.47 5.53E-05 
GO:0051701 Biological process involved in interac[on 

with host 
11.35 5.82E-05 

GO:0044419 Biological process involved in interspecies 
interac[on between organisms 

11.24 6.11E-05 

GO:0044403 Biological process involved in symbio[c 
interac[on 

11.24 6.11E-05 

GO:0009605 Response to external s[mulus 10.18 9.77E-05 
GO:0009607 Response to bio[c s[mulus 9.86 1.14E-04 
GO:0019889 Pteridine metabolic process 144.58 6.90E-03 
GO:0050896 Response to s[mulus 2.92 1.27E-02 
GO:0015877 Biopterin transport 61.96 1.60E-02 
GO:0042558 Pteridine-containing compound metabolic 

process 
48.19 2.06E-02 

GO:0020033 An[genic varia[on 8.18 2.44E-02 
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