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Abstract  49 

The World Health Organization (WHO) and the Food and Agriculture Organization (FAO) have 50 

developed strategies to control trypanosomiasis in humans and livestock in endemic areas. These 51 

require a better understanding of the distribution of different Trypanosoma species and improved 52 

predictions of where they might appear in the future, based on accurate diagnosis and robust 53 

surveillance systems. Here, we describe a metabarcoding deep amplicon sequencing method to identify 54 

and determine the Trypanosoma species in co-infecting communities. First, four morphological 55 

verified Trypanosoma species (T. brucei, T. congolense, T. vivax and T. theileri)  were used to prepare 56 

test DNA pools derived from different numbers of parasites to evaluate the method’s detection 57 

threshold for each of the four species and to assess the accuracy of their proportional quantification. 58 

Having demonstrated the accurate determination of species composition in Trypanosoma 59 

communities, the method was applied to determine its detection threshold using blood samples 60 

collected from cattle with confirmed Trypanosoma infections based on a PCR assay. Each sample 61 

showed a different Trypanosoma species composition based on the proportion of MiSeq reads. Finally, 62 

we applied the assay to field samples to develop new insight into the species composition of 63 

Trypanosoma communities in cattle, camels, buffalo, horses, sheep, and goat in endemically infected 64 

regions of Pakistan. We confirmed that Trypanosoma evansi is the major species in Pakistan and for 65 

the first time showed the presence of Trypanosoma theileri. The metabarcoding deep amplicon 66 

sequencing method and bioinformatics pathway have several potential applications in animal and 67 

human research, including evaluation of drug treatment responses, understanding of the emergence 68 

and spread of drug resistance, and description of species interactions during co-infections and 69 

determination of host and geographic distribution of trypanosomiasis in humans and livestock.  70 

 71 

Keywords: Trypanosomiasis, Trypanosoma, metabarcoding, deep amplicon sequencing. 72 
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1. Introduction   83 

The genus Trypanosoma is a diverse group of haemoprotozoan parasites that belongs to the family 84 

Trypanosomatidae (Levine, 1973). Several Trypanosoma species are the causative agents of animal 85 

and human trypanosomiasis (Cayla et al., 2019). The most important species belongs to the salivarian 86 

group are Trypanosoma brucei, Trypanosoma evensi, Trypanosoma congolense, Trypanosoma simiae 87 

and Trypanosoma vivax. The other most important species belongs to the stercoraria group are 88 

Trypanosoma rangeli, Trypanosoma cruzi, Trypanosoma musculi, Trypanosoma theleri and 89 

Trypanosoma lewisi. These species are found in a wide range of mammalian hosts and are transmitted 90 

by tsetse flies (Glossina spp.), horse flies (Tabanids), stable flies (Stomoxys spp.) and kissing bugs 91 

(Triatoma spp.) (Desquesnes et al., 2013; Ventura et al., 2002). 92 

Trypanosoma congolense, T. vivax, T. simiae and T. brucei are highly pathogenic parasites of 93 

livestock that cause the disease known as nagana, widely distributed in the African subcontinent 94 

(Desquesnes et al., 2013; Kabiri et al., 1999).  Tyrpansoma evansi is a highly pathogenic parasite of 95 

ruminants, camels, and horses that causes the disease called Surra, widespread outside the tsetse belt 96 

including in North Africa, the Middle East and South Asia. It has been exported through animal 97 

movement to Latin America and even to Australia and Europe (Desquesnes et al., 2013). The genetic 98 

characteristics of T. evansi are tightly clustered with T. brucei, providing strong support with the 99 

notation that T. evansi may be a subspecies of T. brucei (Molinari and Moreno, 2018; Wen et al., 100 

2016). Similarly, T. theileri has been identified in Europe, Africa, Asia, and America. The infection 101 

produces transient parasitaemia but is generally considered to be a non-pathogenic parasite of 102 

ruminants. However, under stress conditions, it may cause abortion and even death (Calzolari et al., 103 

2018; Schlafer, 1979).  104 

Despite distinct differences between factors that influence the rate and success of completion of the 105 

life cycles of different Trypanosoma species, there is considerable overlap between the vectors, 106 

biological niches and host ranges (Peacock et al., 2012; Weber et al., 2019). The similarities in these 107 

characteristics between species imply that the emergence of one Trypanosoma species in an area could 108 

be indicative of the risk of emergence of other species within the same area. Therefore, surveillance of 109 

different Trypanosoma species is crucial for the successful control of trypanosomiasis  (Hamill et al., 110 

2017; Lambin et al., 2010), by providing insights into the host distribution, co-infection, transmission 111 

dynamics and the multiplicity of infection (Woolhouse et al., 2015).  112 

Giemsa-stained blood smears are the standard method for the detection of Trypanosoma in the blood 113 

samples of the infected animals. This method is generally useful in acutely infected animals, but 114 

insensitive at the species level. The method is laborious and error-prone in inexperienced hands 115 

(Kirchhoff et al., 1996). The antibody ELISA test is not reliable for differentiating between current 116 
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and past infections or assessing treatment outcomes (Hopkins et al., 1998). Similarly, the antigen 117 

ELISA test has an inadequate sensitivity due to cross-reactivity or non-specific immune responses 118 

(Eisler et al., 1998). The sensitivity and specificity of the molecular diagnostic tests for 119 

trypanosomiasis have been improved in recent years, but the reliability of infection reports vary 120 

considerably between affected areas because of the different PCR based methods used (Aregawi et al., 121 

2019; Boulangé et al., 2017; Gaithuma et al., 2019; Isaac et al., 2017). Conventional PCR methods are 122 

useful for accurate detection of Trypanosoma but depend heavily on sensitive and specific primers and 123 

have limitations in terms of lacking scalability (Thumbi et al., 2008). There is a universal single test 124 

to detect all Trypanosoma species with equal reliability is needed to resolve these issues and improve 125 

surveillance systems.  126 

A high throughput deep amplicon sequencing using the Illumina Mi-Seq platform is relatively low-127 

cost and potentially less error-prone. The method has transformed the study of bacteria (microbiome) 128 

(Gloor et al., 2010; Rogers and Bruce, 2010), nematode (nemabiome)  (Avramenko et al., 2015; Costa-129 

Junior et al., 2021; Evans et al., 2021), trematode (tremobiome) (Rehman et al., 2021; Rehman et al., 130 

2020; Sargison et al., 2019) parasites, and has the potential to open new areas of research to improve 131 

surveillance of separate Trypanosoma species as previously demonstrated by the concept of a 132 

‘haemoprotobiome’ for the quantification of the bloodborne protozoan species (Chaudhry et al., 2019; 133 

Wahab et al., 2020). This approach targets genetic variations within defined regions of the 134 

haemoprotozoan genome to detect and quantify any species belonging to the parasite of interest. 135 

Trypanosoma 18S rDNA is a suitable genetic target due to the multiple genome-wide distributions and 136 

high copy number of species-specific variable sequences flanked by highly conserved sequences to 137 

enable universal primer binding and discrimination between species (Chaudhry et al., 2019; Dario et 138 

al., 2017; Wahab et al., 2020). The use of primers binding to conserved sites and analysis of up to 600 139 

bp sequence reads allows Trypanosoma species to be detected. The use of barcoded primers allows a 140 

large number of samples to be pooled and sequenced in a single Mi-Seq run, making the tool suitable 141 

for high-throughput analysis. By multiplexing the barcoded primer combinations, it is possible to run 142 

384 samples at once on a single Illumina Mi-Seq flow cell, helping to reduce the cost. 143 

The aim of the present study was to describe the species composition of Trypanosoma communities 144 

present in blood samples collected from cattle and other farm animals. This involved designing 145 

metabarcoding Illumina Mi-Seq primers and developing an appropriate bioinformatic pathway to 146 

quantify the sequence reads generated for the different Trypanosoma species present. The validity of 147 

the approach was tested using “test pool” samples generated from known proportions of available 148 

positive control T. brucei, T. congolense, T. vivax, and T.theileri samples. The approach was then used 149 
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to analyse the composition of Trypanosoma species in field blood samples collected from seven 150 

endemically infected regions of Pakistan.  151 

2. Methods and Materials  152 

2.1. Positive control samples and genomic DNA isolation 153 

Four blood culture stocks of Trypanosoma isolates (T. brucei, T. congolense, T. vivax and T. 154 

theileri) were provided by Professor Liam Morrison, Roslin Institute, University of Edinburgh.  The 155 

Lister427 stock of T. brucei was originally isolated from cattle in the Kiboko region of Kenya (Turner 156 

et al., 1990). The IL3000  stock of T. congolense was originally isolated from cattle in the Transmara 157 

region of Kenya (Wellde et al., 1974). The Y486 stock of T. vivax was originally isolated from 158 

naturally infected cattle in the Zaria region of Nigeria (Leeflang et al., 1976). The origins of the T. 159 

theileri stock are unknown. To extract the gDNA of T. brucei, and T. congolense, 50 μl of blood culture 160 

stock from each of the species was transferred into a fresh 1.5 ml tube and centrifuged for 5 minutes, 161 

before removing the supernatant and mixing with 25μl of lysis buffer (Viagen Biotech), Proteinase K 162 

(New England BioLabs) and 50μl 1M dithiothreitol (DTT) (Chaudhry et al., 2019; Wahab et al., 2020). 163 

T. vivax and T. theileri gDNA was extracted using the DNeasy Blood & Tissue Kits (Qiagen Co. Ltd 164 

UK). 165 

Genomic DNA pools of the four isolates (T. brucei, T. vivax, T. congolense, and T. theileri) were 166 

created. Three replicates of the ten “test pools” were used to identify the detection threshold of the 167 

deep amplicon sequencing method and to show the proportions of each of the species absent or present 168 

in each “test pool”. These were comprised of the following: [Mix1 (T. brucei, T. vivax, T. congolense), 169 

Mix2 (T. brucei, T. congolense), Mix3 (T. brucei, T. vivax), Mix4 (T. congolense, T. vivax), Mix5 (T 170 

brucei), Mix6 (T. congolense), Mix7 (T. vivax), Mix8 (T. theileri, T. congolense, T. brucei), Mix9 (T. 171 

theileri, T. brucei), Mix10 (T. theileri)].  172 

 Additional 21 Trypanosoma samples provided by Professor Liam Morrison, Roslin Institute, 173 

University of Edinburgh, were also used as a positive control initially collected from cattle in Tanzania. 174 

Genomic DNA was extracted using protocols described in the DNeasy Blood & Tissue Kits using 175 

100μl of blood from each sample (Qiagen Co. Ltd UK). The samples were selected Trypanosoma 176 

positive or negative based on species-specific PCR (Cox et al., 2005) bands on the gel electrophoresis 177 

(unpublished data).  178 

 179 

2.2. Study design, field sample collection and genomic DNA isolation 180 

A cross-sectional survey of Trypanosoma was conducted in seven known endemically infected 181 

regions (Muzarffargarh, Lodhraan, Bahawalpur, D. G. Khan, Layyah, Rahim Yar Khan, Multan) of 182 
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the Punjab province of Pakistan during the peak trypanosomiasis transmission seasons in May to 183 

August 2018 to 2020. The study was approved by the Institutional Review Board of the University of 184 

Veterinary and Animal Sciences Punjab, Pakistan (UVAS-793-1). Discussions were held with key 185 

administrative and community leaders to raise awareness of the study, and encourage livestock farms 186 

to participate. Blood samples were collected from animals presenting at veterinary clinics from seven 187 

endemic regions. The procedures involved jugular venipuncture and withdrawal of 5 ml of intravenous 188 

blood into EDTA tubes, followed by storage at 20 C. A total of 288 blood samples from cattle, camels, 189 

buffalo, horses, sheep and goats were taken by trained para-veterinary workers under the supervision 190 

of local veterinary staff. Genomic DNA was extracted from field samples using protocols described in 191 

the TIANamp blood DNA kit (Beijing Biopeony Co. Ltd) using 50μl of blood from each sample 192 

(Chaudhry et al., 2019; Chaudhry et al., 2021).  193 

 194 

2.3. PCR amplification and deep amplicon sequencing of Trypanosoma 18S rDNA  195 

366 to 409 bp fragments encompassing the parts of 18S rDNA spanning the variable region of 196 

Trypanosoma species were targeted for PCR amplification. Adapters were added to each primer to 197 

allow subsequent annealing and N indicates the random number of nucleotides included between the 198 

adapter and primer set (Table 1). Equal proportions of de novo four forward (TRY- For1Ad, TRY- 199 

For1Ad1, TRY- For1Ad2, TRY- For1Ad3) and four reverse primers (TRY- Rev1Ad, TRY- Rev1Ad1, 200 

TRY- Rev1Ad2, TRY- Rev1Ad3) were mixed and used under the following conditions: 10 mM 201 

dNTPs, 0.5 U DNA polymerase, 5X buffer (KAPA Biosystems, USA) 10 μM forward and reverse 202 

adapter primer (Integrated DNA Technologies, IDT), and 12ng of positive control gDNA and 5 μl of 203 

field samples gDNA. The thermocycling conditions were 95oC for 2 min, followed by 35 cycles of 204 

98oC for 20 s, 60oC for 15 s, 72oC for 15 s and a final extension of 72oC for 5 min. The PCR products 205 

were purified with AMPure XP Magnetic Beads (1X) according to the manufacturer’s instructions 206 

(Beckman Coulter) (Fig. 1A).  207 

A barcoded primer set (Supplementary Table S1) was used in the second round of PCR 208 

amplification to add a fragment of unique sequence onto each purified product of the adapter PCR 209 

(Chaudhry et al., 2019; Chaudhry et al., 2021; Gibson, 2009; Hamilton et al., 2008; Hutchinson and 210 

Stevens, 2018; Wahab et al., 2020). Repetitions of the forward and reverse barcoded primers in 211 

different samples were avoided. The barcoded PCR was performed under the following conditions: 10 212 

mM dNTPs, 0.5 U DNA polymerase, 5X buffer (KAPA Biosystems, USA), 10 μM barcoded forward 213 

(N501 to N517) and reverse (N701 to N724) primers (Integrated DNA Technologies, IDT) and 2 μl of 214 

adaptor PCR product as a DNA template. The thermocycling conditions were 98oC for 45 s, followed 215 

by 7 cycles of 98oC for 20 s, 63oC for 20 s, and 72oC for 2 min (Fig. 1A).  216 
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10 μl of each barcoded PCR product was combined to make a pooled library and separated by 217 

agarose gel electrophoresis. The products were excised from the gel using commercial kits (QIAquick 218 

Gel Extraction Kit, Qiagen, Germany) and 20 μl of eluted DNA was then purified using AMPure XP 219 

Magnetic Beads (1X) (Beckman Coulter, Inc.), to form single purified DNA pooled library. The library 220 

was measured with the KAPA qPCR library quantification kit (KAPA Biosystems, USA) and run on 221 

an Illumina MiSeq Sequencer using a 600-cycle pair-end reagent kit (MiSeq Reagent Kits v2, MS-222 

103-2003) at a concentration of 15nM with the addition of 15% Phix Control v3 (Illumina, FC-11-223 

2003) (Chaudhry et al., 2019; Chaudhry et al., 2021; Wahab et al., 2020) (Fig. 1A).  224 

 225 

2.4. Bioinformatics pipeline for Trypanosoma 18S rDNA data analysis 226 

The Mi-Seq separates all sequencing data by the sample quality during post-run processing using 227 

the barcoded indices to generate FASTQ files. The FASTQ files analysis was performed with a 228 

bespoke pipeline using Mothur v1.39.5 software with modifications in the standard operating 229 

procedures of Illumina Mi-Seq in the Command Prompt pipeline (Chaudhry et al., 2019; Costa-Junior 230 

et al., 2021; Evans et al., 2021; Wahab et al., 2020). The complete Mothur script is included in Figure 231 

1B and is freely available through the Mendeley database at DOI: 10.17632/d53sjjrwyn.3. Briefly, the 232 

make.contigs command was used to read the forward and reverse FASTQ files and join to make a 233 

contig (a pair of DNA sequences that overlap the region of Trypanosoma 18S rDNA locus). The reads 234 

were screened using screen.seqs to ensure the sequence length ranged from 366 to 409 bp. Any reads 235 

longer than the stated range or ambiguous were likely to exceed the expected length of the targeted 236 

region and thus removed. The align.seqs command was used to align the reads against the closest 237 

template sequence from the Trypanosoma 18S rDNA reference sequence taxonomy library (Mendeley 238 

database at DOI: 10.17632/d53sjjrwyn.3). Sequence data that did not align with the 18S rDNA 239 

reference sequence taxonomy library were discarded as non-specific amplification. Finally, the reads 240 

were classified into Trypanosoma species using classify.seqs, which assigned the reads to their 241 

corresponding taxonomy group and the ‘summary.tax’ command was used to generate the resultant 242 

taxonomy file (freely available through the Mendeley database at DOI: 10.17632/d53sjjrwyn.3). In 243 

order to reduce the impact of potential PCR or sequencing errors, reads fewer than 2000 across all 244 

samples were removed. Individual samples with fewer than 500 reads across all taxonomic levels were 245 

also removed. All FASTQ files have been made freely available through the Mendeley database at 246 

DOI: 10.17632/tpcjkkgc2k.1. Overall, millions of 18S rDNA reads were generated from the data set 247 

of four Trypanosoma positive control isolates and the Trypanosoma-positive field isolates.   248 

 249 

2.5. Statistical analysis of Trypanosoma 18S rDNA sequence reads  250 
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The data of Trypanosoma positive control and field samples were used to analyse the accuracy of 251 

Trypanosoma species detection using CompareTests: Correct for Verification Bias in Diagnostic 252 

Accuracy and Agreement Statistics software (R package version 1.2.). The effect of the Trypanosoma 253 

positive control “test pools” was analysed by running a Kruskal-Wallis rank-sum test for each 254 

admixture. Any results with a p-value ≤0.05 were considered significant. The species composition of 255 

Trypanosoma isolates in the field samples was calculated by dividing the number of sequence reads 256 

for each species by the total number of reads in each sample.  257 

 258 

2.6. Phylogenetic analysis of Trypanosoma 18S rDNA haplotypes  259 

The consensus sequence library was developed using a filtered sequence reads generated from the 260 

four  Trypanosoma positive control isolates (T. brucei, T. vivax, T. congolense, and T. theileri) and 95 261 

sequences of T. brucei, T. evansi, T. congolense, T. vivax, T. simiae and T. theileri extracted from the  262 

NCBI GenBank to account for any additional genetic variations. The obtained 18S rDNA filtered 263 

sequences were first aligned using the MUSCLE alignment tool of Geneious v10.2.5 (Biomatters Ltd, 264 

New Zealand) and then imported into the FaBox v1.5 online software to calculate the number of 265 

“consensus” sequences generated from each species (for more detail see Mendeley database at DOI: 266 

10.17632/d53sjjrwyn.3). A phylogenetic tree of the 18S rDNA consensus sequences was constructed 267 

by gamma-distributed Kimura 2-parameter (K2+G) model using the Maximum Likelihood method in 268 

the MEGA X software, with a bootstrap value of 1000  (Kumar et al., 2018; Stecher et al., 2020).  269 

 270 
 271 

3. Results 272 

3.1. Consensus sequence library preparation and the assessment of Trypanosoma 18S rDNA genetic 273 

variations  274 

In total, 44 18S rDNA consensus sequences were identified among six Trypanosoma species (T. 275 

brucei=15, T. vivax=3, T. congolense=10, T. theileri=7, T. evansi=6, T. simiae=3)  (Fig. 2). 276 

Comparison of genetic differentiation between 18S rDNA haplotypes revealed 83% to 98% identity 277 

between the Trypanosoma species (Supplementary Table S2). The most closely related species of 278 

Trypanosoma (T. brucei and T. evansi) could still be reliably differentiated by virtue of 18S rDNA 279 

sequence variations (98%) (Supplementary Table S3, Supplementary Figure S2).  For the remaining 280 

species, there was a higher level of genetic variations between the 18S rDNA variants. A phylogenetic 281 

tree of the 44 consensus sequences demonstrates a distinct clustering between species, apart from T. 282 

evansi and T. brucei (Fig. 2). The clustering was supported by high bootstrap confidence intervals, 283 
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ranging from 72-95. A well-supported node is generally considered to have a bootstrap value greater 284 

than 70, therefore the distinct clustering was well supported for each species.  285 

 286 

3.2. Validation of the deep amplicon sequencing assay using test pools of  T. brucei, T. vivax, T. 287 

congolense and T. theileri 288 

Three replicates of each known species were created from gDNA of four Trypanosoma isolates, to 289 

validate the deep amplicon sequencing assay (Fig. 3). The mixing of different test positive controls 290 

demonstrates the detection accuracy of the method and shows the different species compositions 291 

present (Fig. 3). Overall, there was no statistically significant difference between the proportions of 292 

the species detected in any of the replicates for the ten “test pools” (Kruskal-Wallis rank-sum test; Mix 293 

1: 2(1) 0.021084, p=0.8845, Mix 2: 2(1) 0, p=1, Mix 3: 2(1) 0, p=1, Mix 4: 2(1) 0, p=1, Mix 5: 294 

2(1) 0, p=1, Mix 6: 2(1) 0, p=1, Mix 7: 2(1) 0, p=1, Mix 8: 2(1) 0.031818, p=0.8584, Mix 9: 2(1) 295 

0.21084, p=0.8845, Mix 10: 2(1) 0, p=1), indicating repeatability of the method. The Mix1 pool 296 

contained T. brucei, T. congolense, T. vivax were perfectly matched (Fig. 3). The results of Mix 2, Mix 297 

3,  Mix 4 and Mix 9 were accurate with no significant difference between replicates (Mix 2 contained 298 

T. brucei, T. congolense, Mix 3 contained T. brucei, T. vivax, Mix 4 contained T. congolense, T. vivax 299 

and Mix 9 contained T. theileri, T. brucei) (Fig. 3). The results of Mix 5, Mix 6, Mix 7, and Mix 10 300 

are also consistent for the pools of 100% of each species (Mix 5 contained T. brucei, Mix 6 contained 301 

T. congolense, Mix 7 contained T. vivax, Mix 10 contained T. theileri) (Fig. 3).  302 

 303 

3.3. Validation of the deep amplicon sequencing assay for the detection of Trypanosoma infected 304 

samples  305 

To further investigate the validity of the assay, additional 21 Trypanosoma positive controls 306 

containing various species were analysed. Different proportions of reads aligning with T. brucei, T. 307 

congolense, T. theileri, and T. vivax were present in each sample except T. evansi (Fig. 4). On the 308 

analysis of each sample separately, Tryp6 was co-infected with T. brucei, T. congolense, T. theileri, 309 

and T. vivax, Tryp1 and 5 were co-infected with T. congolense, T. theileri, and T. vivax, Tryp17 was 310 

co-infected with T. brucei, T. congolense, and T. theileri, Tryp2, 18 and 21 were co-infected with  T. 311 

brucei, and T. congolense, Tryp1 was co-infected with  T. congolense and T. vivax, Tryp3, 7, 10, 15, 312 

19 and 20 were co-infected with T. congolense, T. theileri (Fig. 4). Single species infection of T. 313 

theileri or T. congolense was identified in Tryp4, 8, 9, 11, 13, 14, 16 (Fig. 4). On the analysis of each 314 

species separately, 17/21 samples were infected with T. theileri, followed by 15/21 samples were 315 
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infected with T. congolense making these the most common species. 5/21 and 4/21 samples were 316 

infected with T. brucei and T. vivax, respectively.  317 

 318 

3.4. Species prevalence of Trypanosoma in field samples  319 

Blood samples from various age groups and animals of both sexes were collected from the 320 

veterinary clinics were potentially considered positive for trypanosomiasis based on clinical signs. 321 

Each sample was routinely analysed by microscopic examination under oil immersion (x100) of 10% 322 

Giemsa-stained blood smears for the diagnosis of Trypanosoma infection. A total of 288 blood samples 323 

were accepted positive for Trypanosoma genus based microscopic identification (Supplementary Fig. 324 

S1). Deep amplicon sequencing was then applied to the 288 blood samples to detect the presence of 325 

Trypanosoma species. 155 out of 288 samples (98 cattle, 21 camels, 19 buffalo, 10 horses, 5 sheep, 2 326 

goats) were positive with Trypanosoma infections (Fig. 5, Supplementary Table S4). 327 

The amplicon sequencing further demonstrated the presence of the T. evansi and T. theileri species, 328 

but none of the samples contained T. brucei.  The occurrence of T. evansi is higher than that of T. 329 

theileri in cattle, camel and buffalo hosts in each of the seven endemic regions. From 98 cattle, 61 330 

(66.24%) samples were harboured infections due to T. evansi, 26 (26.50%) due to T. theileri and 11 331 

(11.22%) were co-infected by these two Trypanosoma species. From 21 camels, 19 (90.5%) samples 332 

were T. evansi positive, 2 (9.5%) samples were T. theileri positive and no co-infections were identified. 333 

From 19 buffalo, 16 (84.2%) samples were T. evansi positive, 2 (10.5%) samples were T. theileri 334 

positive, and 1 (5.26%) sample was co-infected. Trypanosoma evansi was identified in 10 horses, 5 335 

sheep and 2 goat samples, but neither T. theileri nor co-infections were confirmed in these host species 336 

(Fig. 5).   337 

    338 

4. Discussion  339 

We have evaluated the high throughput amplicon sequencing method to identify the presence of 340 

Trypanosoma species by (a) preparing a consensus sequence library of Trypanosoma 18S rDNA 341 

genetic variations, (b) validating the assay using “test pools” of each Trypanosoma species, (c) 342 

validating the assay for the detection of Trypanosoma infected samples, and (d) applying the method 343 

to quantify the species present in Trypanosoma-positive blood samples from the field.  344 

The 18S rDNA consensus sequences of six Trypanosoma species showed a high level of genetic 345 

differentiation between species, except for between T. brucei and T. evansi in the present study. A 346 

phylogenetic tree showed distinct clustering between species, apart from between T. evansi and T. 347 

brucei, demonstrating the limitations for the diagnosis of closely related species, thus the need for new 348 

genetic markers. Previous studies indicate that genetic and morphological characteristics of T. evansi 349 
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are tightly clustered with T. brucei, providing strong support that T. evansi may be a subspecies of T. 350 

brucei (Molinari and Moreno, 2018; Wen et al., 2016). The morphology of T. evansi and T. brucei are 351 

very similar, except T. brucei undergoes differentiation into stumpy bloodstream forms (Ou et al., 352 

1991). Moreover, it was demonstrated that maxicircle kDNA, microsatellite and random amplified 353 

polymorphic markers are reliable tools use to differentiate T. evansi and T. brucei in natural field 354 

conditions. There are few reports demonstrating the cocirculating of both species in the endemic 355 

regions of  Kenya and Tanzania (Hide et al., 1990; Kamidi et al., 2017; Kimenyi et al., 2022; Lun et 356 

al., 1992; Lun et al., 2004). 357 

We tested the capability of the amplicon sequencing assay to accurately determine the relative 358 

species proportions in various combinations of four Trypanosoma species (T. brucei, T. vivax, T. 359 

congolense and T. theileri). We generated the “test pools” containing different estimated proportions 360 

of Trypanosoma and showed no significant difference between the proportions of the species detected 361 

in each of the pairs of replicates for the ten “test pools”. A previous study using “test pools” of 362 

Plasmodium (Wahab et al., 2020), Babesia and Theileria (Chaudhry et al., 2019) haemoprotozoan 363 

parasites showed that the relative sequence representation was unaffected by either the parasite species 364 

composition of the sample or the number of PCR cycles employed (Chaudhry et al., 2019; Wahab et 365 

al., 2020). No sequence representation bias was identified in PCR products used for high throughput 366 

runs, arising from the number of first-round PCR cycles (Chaudhry et al., 2019). Having validated the 367 

amplicon sequencing using “test pools” of Trypanosoma isolates, we applied the method to positive 368 

control samples containing various Trypanosoma species collected from cattle and identified them as 369 

Trypanosoma co-infections using PCR based assay (Cox et al., 2005). Trypanosomiasis caused by T. 370 

congolense and T. theileri were the most common infections seen amongst these samples, followed by 371 

T. brucei and T. vivax in the present study.  372 

After validating the amplicon sequencing using “test pools” and positive control samples of 373 

Trypanosoma isolates, we compared the assay with the microscopic method on the field samples 374 

collected from seven endemic regions of the Punjab province of Pakistan. The microscopic analysis 375 

showed that 288 blood samples were positive for Trypanosoma genus. In contrast, 155 out of 288 376 

samples were shown positive with Trypanosoma infections in the amplicon sequencing analysis. The 377 

microscopic method is generally insensitive at low parasitemia levels, more error-prone in 378 

inexperienced hands and poor resource settings (Biéler et al., 2012), while high throughput sequencing 379 

is more precise and relatively less error-prone (Chaudhry et al., 2019; Wahab et al., 2020). Amplicon 380 

sequencing assays could, therefore, be helpful in epidemiological surveys to determine Trypanosoma 381 

infection burdens in populations having low levels of parasitemia.  382 
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The amplicon sequencing assay demonstrated the presence of T. evansi and T. theileri in the field 383 

samples, with the occurrence of T. evansi being higher than that of T. theileri in cattle, camels and 384 

buffalo; and the presence of  T. evansi (single species infection) being highest in horses, sheep and 385 

goats. Our findings are consistent with previous reports, confirming that T. evansi is the major 386 

infectious disease of animals in Pakistan (Rashid et al., 2017; Shahzad et al., 2012; Tehseen et al., 387 

2015; Ul Hasan et al., 2006). In this study, T. theileri was observed in cattle, camel and buffalo but 388 

absent in horses, sheep and goats. To our knowledge, T. theileri has not been reported in Pakistan 389 

before (Calzolari et al., 2018; Garcia et al., 2011; Hoyte, 1972; Schlafer, 1979). Whilst it is plausible 390 

that T. theileri has recently emerged in Pakistan with the migration of livestock from south-east Asia 391 

(Fernandez et al., 2010), or north Africa (Ngomtcho et al., 2017), and that the primary vectors are 392 

Tabanid flies, is well established in Pakistan to maintain the infection in cattle and buffalo (Tehseen 393 

et al., 2015). Previous studies have noted that the parasitaemia level of T. theileri is often low and 394 

would, therefore, require a highly sensitive test to detect its presence (Kelly et al., 2017). The 395 

diagnostic tests used in Pakistan may have low sensitivity, and therefore, would have been unlikely to 396 

detect the presence of T. theileri at low parasitaemia in the previous studies (Chappuis et al., 2005).  397 

There are obvious challenges affecting the ability to develop Trypanosoma surveillance 398 

programmes and improve understanding of Trypanosoma epidemiology, especially in endemic areas. 399 

The development of sensitive and specific molecular tools play an important role in the progression 400 

towards overcoming these challenges. The epidemiology of trypanosomiasis is influenced by fly 401 

infestation, geographical region, climatic conditions, co-grazing, host movement and time of the year. 402 

Therefore, improvements in existing molecular tools would provide a better assessment of the 403 

emergence or re-emergence of Trypanosoma infections. This would inform the correct administration 404 

of trypanocidal drugs and might limit treatment failures (Hamill et al., 2017; Mossaad et al., 2017). In 405 

addition, improvements in the molecular tools will enhance understanding of Trypanosoma co-406 

infection (Rodrigues et al., 2019).  407 

 408 

5. Conclusion  409 

We used the metabarcoding deep amplicon sequencing using an Illumina Mi-Seq platform to 410 

reliably describe the Trypanosoma species present in blood samples collected from cattle, buffalo, 411 

camels, horses, sheep and goats. Our results are the proof of concept for the use of this method in 412 

disease surveillance programmes in cattle and farm animals their vectors in the resource-poor setting 413 

of the endemic regions with the increasing capacity of the highly equipped laboratories. The plasticity 414 

of this approach is not host specific and could have future application for the assessment of other 415 
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animals and human Trypanosoma species. This work will explore the possibilities for the application 416 

of a high throughput practical method to determine the disease epidemiology including Trypanosoma 417 

co-infections and sub-typing schemes. The accurate description of this technology has practical 418 

applications in monitoring changes in parasite diversity after the emergence and spread of drug 419 

resistance and the understanding of the multiplicity of infection described in other protozoan parasites 420 

(Chaudhry et al., 2021).  421 
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 614 
 615 
 616 
Figure Legend  617 
 618 
Figure 1: A flow diagram of the sample preparation (A) and the bioinformatics data handling (B) of 619 
the metabarcoded sequencing library. (A) The protocol for the amplification of the 18S rDNA region 620 
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of the Trypanosoma genome used similar protocols to those described by Chaudhry et al. (2019) and 621 
Wahab et al. (2020). This method used both the adapter and barcoded primers. The 0-3Ns were added 622 
between the adapter and barcoded primers. The 2nd round PCR used overhanging barcoded primers to 623 
bind the index sequences and P5/P7 required for the Illumina flow cell. (B) Text files containing rDNA 624 
18S sequence data (FASTQ files) were generated from the Illumina Mi-Seq binary raw data outputs, 625 
and data analysis was performed using a bespoke modified pipeline in Mothur v1.39.5 software 626 
(Schloss et al., 2009) and Illumina Mi-Seq standard procedures (Kozich et al., 2013) described by 627 
Chaudhry et al. (2019) and Wahab et al. (2020).   628 
 629 
Figure 2: Maximum likelihood phylogenetic tree of 44 consensus sequences generated from 95 18S 630 
rDNA sequences of six Trypanosoma species shown in the adjacent table. Each species was identified 631 
by their respective colour: T. brucei (grey), T. evansi (light green), T. theileri (blue), T. vivax 632 
(turquoise), T. simiae (dark green) T. congolense (orange). The model was computed with 1000 633 
bootstrap replicates and the values are shown on the branches. Bootstrap values >70 were considered 634 
significant. The adjacent table shows the output of the bioinformatic analysis for the six  Trypanosoma 635 
species.  636 
 637 

Figure 3: Species composition in “test pools” of Trypanosoma isolates. The result shows the average 638 
percentage of Trypanosoma species detected in the 10 test pools of Trypanosoma samples from a set 639 
of three replicates produced using the deep amplicon sequencing method. The number of reads for 640 
each species in each sample mix was produced and this was subsequently translated into a percentage 641 
of the total reads in each sample mix. The resultant percentages were used to create stacked bar charts 642 
of the species composition in each sample using Rstudio software.   The species are represented in 643 
different colours; T. vivax (turquoise), T. congolense (orange), T. brucei (grey) and T. theileri (blue). 644 
The adjacent table shows the output of the bioinformatic analysis for the 10 test pool samples.  645 
 646 

Figure 4: Species composition in mixed infection of Trypanosoma-positive samples. The result shows 647 
the percentage of reads for each species detected in analysis of 21 Trypanosoma-positive samples. The 648 
species are represented in different colours; T. vivax (turquoise), T. congolense (orange), T. brucei 649 
(grey) and T. theileri (blue). The number of reads for each species in each sample was produced and 650 
this was subsequently translated into a percentage of the total reads in each sample. The resultant 651 
percentages were used to create stacked bar charts of the species composition in each sample using 652 
Rstudio software. The adjacent table shows the output of the bioinformatic analysis for the 21 653 
Trypanosoma-positive samples. 654 
 655 

Figure 5: Species composition of field samples originating from the seven endemic regions of the 656 
Punjab province of Pakistan. A total of  98 blood samples from cattle, 21 from camels, 19 from buffalo, 657 
10 from horses, 5 from sheep and 2 from goat were positive obtained in veterinary clinics. The samples 658 
were collected into EDTA tubes and stored at -20 ̊C. Thick and thin blood smears were examined to 659 
identify Trypanosoma before extracting gDNA. The haemoprotobiome sequencing assay was applied 660 
to each sample. The bar of each sample shows the proportion of each species as estimated by deep 661 
amplicon sequencing assay. The Y-axis shows the percentage proportions of each species. The species 662 
are represented in different colours: T. theileri (blue), T. evansi (light green). The number of reads for 663 
each species in each sample was produced and this was subsequently translated into a percentage of 664 
the total reads in each sample. The resultant percentages were used to create stacked bar charts of the 665 
species composition in each sample using Rstudio software.  666 
 667 
 668 
 669 
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Supplementary Figure Legend  670 
 671 
Supplementary Figure S1: Giemsa-stained blood smears were examined by 1000 x microscopy, 672 
showing Trypanosoma positive samples in cattle, buffalo and camels. 673 
 674 
Supplementary Figure S2:  The alignment of sequences of the T. evansi and T. brucei ITS2 fragment. 675 
Polymorphic sites in the ITS2 fragment were indicated with colour.  676 
 677 
 678 


