
 
 

 

 

  

University of Technology Sydney 

Faculty of Science 

 

March 2023 

Multiplexed real-time PCRs for the 

detection and differentiation of Leishmania 

utilising bisulphite conversion technology 

 

by Ineka Gow 

 

Thesis submitted in fulfilment of the requirements for  

the degree of  

 

Doctor of Philosophy 

 

under the supervision of Em. Prof. John Ellis, Dr. Damien Stark, Prof. 

Nicholas Smith, Dr. Douglas Millar 



 
 

 

 



i 

Certificate Of Original Authorship 

I, Ineka Gow, declare that this thesis is submitted in fulfilment of the 

requirements for the award of Doctor of Philosophy, in the School of Life 

Sciences at the University of Technology Sydney.  

This thesis is wholly my own work unless otherwise referenced or 

acknowledged. In addition, I certify that all information sources and literature 

used are indicated in the thesis.  

This document has not been submitted for qualifications at any other academic 

institution.  

This research is supported by the Australian Government Research Training 

Program.  

Signature: 

Date: 6th March 2023 

Production Note:

Signature removed prior to publication.



ii 
 

Acknowledgments 

I would like to thank my wonderful supervisor Emeritus Professor John Ellis, 

for the opportunity to undertake this incredible journey; it has been quite an 

honour to work as part of the Ellis research group and your expertise, patience 

and encouragement have been invaluable.  

To my co-supervisors, Dr. Damien Stark, Professor Nick Smith and Dr. Doug 

Millar, thank you for all the fantastic advice, support and encouragement. I feel 

extremely lucky and humbled to have been guided and mentored by such an 

incredible group of experts. 

To Dr. John Melki and all my colleagues at Genetic Signatures Ltd., you have 

allowed me the opportunity to complete this PhD and an incredible 

opportunity to grow and learn as a scientist.  

To the staff at the Microbiology department at St. Vincent's Hospital, Sydney 

and the other members of the Ellis research group of the University of 

Technology Sydney thank you for all the support and assistance. 

To my family, immediate and extended, thank you for all your love, support 

and encouragement over the years. To my two babies Elke and Ambrose, who 

came along on the way, the joy and happiness that you bring each and every 

day has sustained me through this journey.  

But most of all, to Michael, my loving partner in life, to whom this thesis is 

dedicated, without your selfless support every step of the way, the steadfast 

confidence you hold in me and your ability to make me smile during the 

toughest PhD moments, thank you. I would not be where I am without you. 

  



iii 
 

Format of Thesis  

I, Ineka Gow declare the format of this manuscript is 'Thesis by compilation'.



iv 
 

Publications arising from thesis 

Gow, I., Millar, D.S., Ellis, J., Melki, J., Stark, D. 2019., Semi-Quantitative, 

Duplexed qPCR Assay for the Detection of Leishmania spp. Using Bisulphite 

Conversion Technology. Trop Med Infect Dis, 4(4), 1-11. 

 

Gow, I., Smith, N.C., Stark, D., Ellis, J. 2022., Laboratory diagnostics for 

human Leishmania infections: a polymerase chain reaction-focussed review of detection 

and identification methods. Parasit Vectors, 15(412), 1-24. 

 

Gow, I., Smith, N., Stark, D. & Ellis, J., 2023., Molecular Detection of Neglected 

Tropical Diseases: The Case for Automated Near Point-of-Care Diagnosis of 

Leishmaniasis. Am J Trop Med Hyg, 108(1), 2-6. 

 

Gow, I., Stark, D., Millar, D.S., Smith, N., Ellis, J., Development of multiplexed real-

time PCRs for the differentiation of Leishmania species targeting mini-exon DNA based 

on bisulphite technology, under review. 

  



v 
 

Conference presentations arising from thesis 

Gow, I., Stark, D., Millar, D.S., Smith, N., Ellis, J.,  Development of multiplexed real-

time PCRs for the differentiation of Leishmania species targeting mini-exon DNA based 

on bisulphite technology, Australian Society for Parasitology Conference, 

Brisbane, Australia (2022). 

  

Gow, I., Stark, D., Ellis, J., Multiplexed qPCR panels to differentiate clinically 

relevant Leishmania species utilising bisulphite conversion technology, 2nd LEAP 

Scientific Conference, virtual conference (2021). 

 

  



vi 
 

Table of Contents 

Certificate of Original Authorship ............................................................................. i 

Acknowledgements ..................................................................................................... ii 

Format of Thesis .......................................................................................................... iii 

Publications arising from thesis ............................................................................... iv 

Conference presentations arising from thesis ......................................................... v 

Table of Contents ........................................................................................................ vi 

List of Figures.............................................................................................................. vii 

List of Tables ................................................................................................................. ix 

Supplementary Information ...................................................................................... xi 

Thesis Abstract ........................................................................................................... xii 

Exegesis ....................................................................................................................... xiv 

Chapter 1 ......................................................................................................................... 1 

Chapter 2 ....................................................................................................................... 27 

Chapter 3 ....................................................................................................................... 40 

Chapter 4 ....................................................................................................................... 76 

Chapter 5 ..................................................................................................................... 131 

  



vii 
 

List of Figures  

Chapter 1 ......................................................................................................................... 1 

Figure 1. Life cycle of Leishmania species  ................................................................... 4 

Figure 2. Recommended laboratory-based diagnostic techniques based upon 

clinical presentation ....................................................................................................... 8 

Figure 3. PCR-RFLP analysis of Leishmania species targeting the ND7 gene ...... 17 

Figure 4. Example workflows associated with detection of Leishmania in the 

clinical diagnostic laboratory ..................................................................................... 18 

Chapter 2 ....................................................................................................................... 27 

Figure 1. Sensitivity of the ITS1 cPCR assay for L. braziliensis, gel electrophoresis 

of conventional PCR result ......................................................................................... 34 

Figure 2. Sensitivity of the novel qPCR assay for L. braziliensis ............................ 35 

Chapter 3 ....................................................................................................................... 40 

Figure 1. Example of the bisulphite conversion mechanism ................................. 63 

Figure 2. Results obtained using the differentiation assays on ATCC standards

 ......................................................................................................................................... 64 

Figure 3. Overview of the complete Leishmania differentiation system when 

performed on fresh tissue samples ............................................................................ 65 

Chapter 4 ....................................................................................................................... 76 

Figure 1. Target capture assay workflow ................................................................. 88 

Figure 2. Multiple sequence alignments for assay design ..................................... 91 

Figure 3. Work flow of pre-treatment application, before or after bisulphite 

conversion ..................................................................................................................... 96 



viii 
 

Figure 4. Average difference in Ct values for each pre-treatment condition and 

calculated relative expression of non-bisulphite material ................................... 108 

Figure 5. Amplification curves for Sample 49, "with Reverse Transcriptase" and 

"without Reverse Transcriptase" .............................................................................. 111 

Figure 6. Ct values associated with each sample of the “With RT” and “Without 

RT” assay results ........................................................................................................ 115 

Chapter 5. .................................................................................................................... 131 

Figure 1. The different levels of healthcare and staffing requirements associated 

with these .................................................................................................................... 134  

Figure 2. The ASSURED/REASSURED criteria for the ideal characteristics of a 

diagnostic test ............................................................................................................. 134 

 

  



ix 
 

List of Tables 

Chapter 1 ......................................................................................................................... 1 

Table 1. Clinical forms of leishmaniasis.  ................................................................... 5 

Table 2. Modified Ridley's Parasitic Index................................................................. 8 

Table 3. DNA targets investigated for detection of Leishmania species in DNA-

based methods .............................................................................................................. 11 

Table 4. Comparison of costs associated with Leishmania diagnostics ................ 12 

Table 5. Commercially available DNA-based diagnostic kits for detection of 

Leishmania ...................................................................................................................... 14 

Chapter 2 ....................................................................................................................... 27 

Table 1. List of organisms used in this study for cross-reactivity testing for the 

novel bisulphite conversion assay ............................................................................. 30 

Table 2. Detection limit of the conventional and novel PCR assays .................... 33 

Table 3. Summary of the Observed Precision Estimates for the novel assay ..... 36 

Chapter 3 ....................................................................................................................... 40 

Table 1. Previously published Leishmania detection assays in human samples, 

utilizing original mini-exon gene designs  ............................................................... 66 

Table 2. Cross-reactivity panel tested with the Leishmania differentiation assays

 ......................................................................................................................................... 70 

Table 3. Real-time PCR Panels for the differentiation of Leishmania species ...... 72 

Table 4. Limit of detection of ATCC standards ....................................................... 73 

Table 5. Comparison of the bisulphite real-time PCR assays and ITS1-PCR for 

the detection of Leishmania spp. .................................................................................. 74 



x 
 

Table 6. Side-by-side analysis of the bisulphite real-time PCR assays and ITS1-

PCR for the differentiation of Leishmania species in clinical sample DNA .......... 75 

Chapter 4 ....................................................................................................................... 76 

Table 1. Target Product Profile for an automated real-time PCR based near 

point-of-care diagnostic test for visceral leishmaniasis and post-kala-azar 

dermal leishmaniasis ................................................................................................... 82 

Table 2. Primer and probe details for the described assays  ................................. 93 

Table 3. Volumes of the pre-treatment added to the reaction and incubation 

conditions  ..................................................................................................................... 95 

Table 4. 'Pass’ rate of the four contrived clinical samples and associated Ct 

value range .................................................................................................................. 104 

Table 5. Ct values for each pre-treatment condition and resultant relative 

expression  ................................................................................................................... 106 

Table 6. Ct values of the SL-RNA assay for each clinical sample, with and 

without reverse transcriptase enzyme and calculation of DNA percentage ..... 112 

Table 7. Ct values of the SL-RNA assay as detected in the LOD study............. 117 

Table 8. Summary of clinical studies using real-time PCR to detect Leishmania 

from peripheral blood in humans ............................................................................ 119 

Chapter 5 ..................................................................................................................... 131 

Table 1. Automated liquid handling platforms .................................................... 134 

Table 2. Characteristics of the "True" POC test v the near-POC test .................. 135 

 

 

 

 



xi 
 

Supplementary Information  

The thesis chapters 2 and 3 make reference to supplementary, supporting or 

additional information. This information is contained in files that can be found 

at the URL specified in the chapter. 

  



xii 
 

Thesis Abstract 

Leishmaniasis, caused by protozoan parasites in the genus Leishmania, is 

a cause of serious morbidity and mortality around the globe but particularly in 

the world’s poorest nations. It is for this reason that the disease and its various 

clinical forms is recognised as a neglected tropical disease (NTD). There are 

more than 20 species of Leishmania that cause human infection and all are 

transmitted by the bite of a female Phlebotomus or Lutzomyia sandfly. They can 

either elicit cutaneous,  mucocutaneous or visceral disease; the cutaneous and 

mucocutaneous forms cause significant morbidity with disfiguring ulcers and 

resultant scarring, whilst the visceral form is fatal if left untreated. However, 

many human cases are asymptomatic and both humans and animals act as 

reservoir hosts, thereby contributing to the spread of the disease. 

Aside from the devastating impact on impoverished communities, 

leishmaniasis is also defined as an NTD due to the relative lack of funding for 

research, interventions, tools, and diagnostics. The wide range of diagnostics 

currently used includes both traditional microbiological and serological 

techniques, but also molecular techniques which are not deemed appropriate 

for resource-constrained regions. The World Health Organisation (WHO) has 

identified the need for accurate and rapid diagnosis to reach elimination targets 

in addition to broader public health intervention programs. At the patient level, 

rapid detection informs dosage and case management and achieves differential 

diagnosis from circulating diseases with similar clinical presentations. As the 

gap between the need and availability of apposite Leishmania diagnostics 

currently stands, it raises the following questions: can modern diagnostics for 

leishmaniasis be developed commensurate to its context of endemicity; and, can 

the perceived inappropriateness of these molecular techniques be challenged 

within these contexts? These questions form the overarching focus of this thesis.  
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This thesis is one by compilation - consisting of one publication, one 

chapter in-press, two chapters under review and one conventional thesis 

chapter. Each of these chapters are separate studies aimed at addressing the 

aforementioned research questions and current gaps in knowledge. The results 

show that the development of a highly sensitive and specific Leishmania 

molecular diagnostic method, real-time PCR, appropriately solves these 

research questions. Sensitivity and specificity of 100% were observed for both 

the detection and the differentiation assays, against a reference method. 

Moreover, its adaptability in addressing specific priorities of test-of-cure and 

less invasive sampling was able to be achieved. A detection limit of 100 

cells/mL was observed in whole peripheral blood and RNA/DNA ratios were 

determined in clinical sample nucleic acid. This method was developed on a 

platform that can easily be deployed as part of routine testing or outbreak 

response. Thus, it supports the discussion as to whether these methods are 

appropriate within the regions that need them most. 
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Exegesis 

Leishmania is a genus of protozoan parasites, and the disease they cause, 

leishmaniasis, is transmitted by female sand fly bites. It is a global human 

disease of significance that is overrepresented in resource-poor regions. 

Leishmaniasis is a neglected tropical disease and the current laboratory 

techniques for diagnosis are insufficient, leading to poor individual and public 

health outcomes. The objective of this body of research, which represents a 

thesis by compilation, was to provide a diagnostic solution by the design and 

validation of real-time PCR based tests, utilising bisulphite technology, and to 

be appropriate for regions where this disease is endemic. The chapters of this 

thesis are distinct studies that address this primary, yet multi-faceted objective 

through literature review, methodologies, results and discussions. 

Chapter 1 is a review of the literature of current laboratory-based 

techniques in the diagnosis of leishmaniasis, and the differentiation of the 

infecting species, with a focus on the PCR-based methods. The scope of 

Leishmania diagnostic methods ranges from widely-used traditional methods to 

emergent novel techniques, although each method and technology share 

drawbacks and challenges. PCR-based methods (including bisulphite-based 

methods) are continually moving into wider use and their advantages in terms 

of diagnostic performance and ease of use are becoming evident. The main 

findings of this chapter were the illustration of diagnostic gaps, particularly in 

PCR methods, which would aim to be addressed in chapters two and three.  

Chapter 2 presents the development of a Leishmania detection system at 

the genus level through bisulphite conversion technology and real-time PCR. 

The conserved, multicopy 18S rRNA gene was targeted in a duplex assay and 

high specificity, high sensitivity and low detection limits were achieved when 

analysed alongside the reference method. The diagnostic system encompassed 
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target and control detection as well as the DNA extraction preceding it; all 

validated on semi-portable, automated platforms requiring a small laboratory 

footprint, that could be used in established laboratories and also deployed in 

outbreak scenarios. This is the first detection of Leishmania using bisulphite 

technology, and introduces its advantages of increasing sequence homology, 

establishing the methodology that would be used and built upon in chapters 

three and four. 

Chapter 3 advances upon the preceding paper by differentiating 

clinically relevant species by multiplex detection, utilising the aforementioned 

bisulphite conversion-based diagnostic system. In these assays, the divergent, 

yet multicopy mini-exon gene target was employed and bisulphite conversion 

ensured the design of highly specific assays, upholding the high sensitivity and 

low detection limits observed in the previous study, and moreover, achieving 

complete concordance of species detection to the reference method. Although 

species within one subgenus (Leishmania braziliensis, Leishmania panamensis, 

Leishmania peruviana and Leishmania guyanensis) could not be distinguished, the 

genetic distinction of these species is contested in the literature. 

Chapter 4 addresses current shortfalls in Leishmania diagnostics as 

communicated by the World Health Organisation’s 2020 priorities to reach 

elimination targets. In order to further address these global requirements of the 

optimal Leishmania diagnostic test, technologies and assays were implemented 

building upon the previously validated platforms. Firstly, an assay for 

Leishmania parasite viability was established based on the Spliced Leader RNA; 

due to its lability and short half-life, the detection of RNA indicates 

transcription, and, therefore live parasites. This is particularly important in 

circumstances such as monitoring whether Leishmania carriers will act as 

reservoirs of disease, evaluating drug treatment efficacy and for a test-of-cure. 

Second, the need for less-invasive testing methods for visceral leishmaniasis 
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diagnosis was prioritised. Leishmania was detected at a clinically significant 

range in contrived clinical samples of whole peripheral blood spiked with 

Leishmania cells. 

Chapter 5 discusses the common, but perhaps outdated perception that 

modern diagnostic options are not suitable for the resource-limited regions 

where leishmaniasis is endemic. Following WHO frameworks for diagnostic 

test requirements, including at various healthcare levels, the rationale that 

methods such as real-time PCR and automation are suitable is presented. 

Perceived barriers to the provision of these methods such as infrastructure, 

personnel and cost are increasingly being overcome with the advancement of 

technology and logistics. This discussion contextualises the current diagnostic 

landscape, emphasising that assays such as those developed in chapters two, 

three and four hold a place in resource-limited settings, now and into the 

future.  
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Abstract: The accurate and sensitive diagnosis of Leishmania species in 

clinical cases of leishmaniasis represents an important and essential step in the 

treatment and control of these deadly diseases. In this study, multiplexed real-

time PCR panels for the detection of Leishmania species were created using the 

mini-exon gene as a PCR target, in conjunction with bisulphite DNA 

conversion technology. The assays differentiate amongst the main species, 

including Leishmania mexicana, Leishmania amazonensis, Leishmania 

donovani/Leishmania infantum, Leishmania major, Leishmania tropica, and 

Leishmania braziliensis. The sensitivity and specificity of the assays were tested 

using DNA sourced from clinical cases of leishmaniasis imported into 

Australia (from returned travelers, defense force personnel, and migrants 

from around the globe) as well as potentially cross-reacting organisms. The 

results were compared to those derived from a widely-used conventional 

ITS1-PCR RFLP method. This study demonstrated the multiplexed real-time 

PCR assays to be highly sensitive and specific, with sensitivity and specificity 
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of 100%. The extraction and amplification assays are performed on small, 

automated platforms with a turnaround time of less than 2 hours 30 minutes, 

making them suitable from national to provincial laboratories globally and 

easily deployable in outbreak situations. A limitation of this technology is that 

the Leishmania Viannia subgenera species were unable to be distinguished from 

each other; nevertheless, these assays now address the need for a 

standardized, differential test for the clinical market, of which none currently 

exists. 

Importance: Leishmaniasis encompasses a spectrum of clinical 

syndromes, ranging from mild or asymptomatic infection to fatal systemic 

disease caused by Leishmania parasites. Rapid and accurate detection of the 

causative species provides important clinical and epidemiological 

information, leading to better patient outcomes and aiding in achieving 

disease elimination targets. Our assay is a novel system, differentiating 

clinically relevant Leishmania species using bisulphite technology with real-

time PCR. Furthermore, accurate results for 12 samples at a time can be 

achieved in under 2.5 hours. The semi-portable and semi-automated nature of 

the system can be deployed in endemic and non-endemic regions, including 

in outbreak scenarios. 

 

Keywords: leishmaniasis; diagnostics; real-time PCR, bisulphite; automation 

Supplementary file: https://github.com/inekagow/Supplemental-data 

 

1. Introduction 

Leishmania infections cause serious morbidity and mortality globally, often 

affecting the world's most disadvantaged people. Transmitted by the bite of a 
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female sandfly, if left untreated, the cutaneous (CL) or mucocutaneous (MCL) 

form can result in chronic skin ulceration or scarring, and the visceral form 

(VL) can result in death. Human Leishmania infections are caused by 21 

different species, occurring in both sympatric and allopatric distributions and 

imported cases are significant. The increased movement of humans and 

expanding sandfly habitats are blurring the conventional lines of endemicity. 

Ten of these species are considered clinically important: Leishmania donovani 

and Leishmania infantum (within the L. donovani species complex), Leishmania 

major (within the L. major species complex), Leishmania tropica and Leishmania 

aethiopica (within the L. tropica species complex), Leishmania mexicana 

and Leishmania amazonensis (within the L. mexicana species complex) and 

Leishmania braziliensis (within the L. braziliensis species complex) and 

Leishmania guyanensis, Leishmania panamensis (within the L. guyanensis species 

complex)[1]. Although the species are morphologically virtually 

indistinguishable, each Leishmania species is classically associated with a 

particular clinical manifestation(s); however, this notion is changing. 

Differences in terms of clinical presentation and disease progression are 

observed between species, and prognostic information such as time to healing 

and the risk of progression of MCL from CL disease can be estimated. 

Furthermore, treatment regimens have, more recently, been tailored to 

species-specific infections[1]. The planning and evaluation of intervention 

programs benefit greatly from the accurate assessment of diagnosis, 

distribution and prevalence of Leishmania species. 

Currently, molecular methods are used to differentiate between 

Leishmania species, yet, it has been pointed out that no "gold standard" method 

for the differentiation of Leishmania species exists[2, 3]. Furthermore, in the 

clinical laboratory, assays targeting Leishmania are not standardized, and the 

inclusion of important controls, both internal and external, are limited in their 
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availability or use[4]. Several previous reports have described the 

differentiation of Leishmania species by PCR, either to the species complex or 

species level, from human or canine clinical specimens[5, 6]. However, many 

of these reports have not included all of the clinically relevant Leishmania 

species from around the globe. Furthermore, most of the Leishmania 

polymerase chain reaction (PCR) assays described in the literature have 

utilized conventional PCR (cPCR), which has limitations, including the risk of 

laboratory contamination and reduced ability to easily multiplex targets. The 

benefits of real-time PCR in Leishmania detection have been discussed 

extensively[7, 8, 9]. For Leishmania species differentiation, real-time PCR and 

its various forms (including high resolution melt) are increasingly being used 

to identify individual species[7, 10, 11]. It is a rapid detection method, and 

cross-contaminating is significantly reduced as it is a closed-tube system. In 

addition, parasitic load can be easily quantitated, which can aid in the 

monitoring of therapeutic response. 

 The need for differentiation between pathogenic Leishmania species is 

becoming increasingly acute in both endemic and non-endemic locations. In 

the study reported here, we set out to develop real-time PCR assays for 

Leishmania targeting the mini-exon gene, combined with bisulphite conversion 

technology for the rapid and reliable detection and differentiation of global 

Leishmania species. The mini-exon gene is less widely used for species typing 

than other gene targets, such as the hsp70 gene, but has nevertheless been 

described as suitable for both detection and typing purposes in human clinical 

samples (Table 1)[8, 12]. The gene is tandemly repeated, with 100 to 200 copies 

present per Leishmania genome. Each repeat contains a 39-nucleotide exon 

(highly conserved), an approximately 55-101 nucleotide intron (moderately 

conserved), and a non-transcribed intergenic spacer[13]. The intergenic spacer 

is of highly variable length and sequence (between 51 and 1,350 bp), 
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suggesting that this characteristic might be useful to discriminate between 

Leishmania species[14]. The mini-exon's tandem repeat nature makes it a good 

candidate for detection due to its high copy number providing increased 

sensitivity; however, it has been reported to have polymorphisms even within 

the same genome[15]. This is advantageous in cPCR as species may be 

separated by size difference but may affect efficiency of real-time PCR 

amplification and, therefore, sensitivity.  

Bisulphite conversion, however, limits such polymorphisms by increasing 

the homology by simplifying the genome through chemical modification in 

order to design PCR assays with reduced complexity. By conversion of 

cytosines to uracils and ultimately into thymines during the first round of 

PCR, the targeted genome has increased sequence homology (Figure 1). This 

process makes closely related species more similar at the genomic level, which 

is especially advantageous in the variable mini-exon gene, meaning that 

primer and probe sets are designed to have fewer mismatches and can 

hybridize previously heterogeneous target regions more efficiently. For 

multiplexing, it allows for design of melting temperatures of the primers and 

probes to be made more similar. Bisulphite conversion technology has been 

utilized in detection assays for a range of infectious agents, including 

Leishmania spp. [16, 17, 18]. The authors' previous work to detect the Leishmania 

genus using bisulphite conversion technology was built upon in this study. 

The development of species-specific real-time PCR assays, designed to be 

utilized on the same DNA extraction and PCR platforms and alongside, or as 

a reflex test for, genus-wide assays. Multiplexed panels using bisulphite 

conversion technology, incorporating both endogenous and exogenous 

controls, were designed to differentiate L. braziliensis, L. donovani/L. infantum, 

L. major, L. tropica, L. mexicana and L. amazonensis. Performance was validated 

using previously purified clinical sample DNA arising from positive tissue 
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specimens, DNA standards, and fresh negative tissue samples, which were 

subsequently bisulphite converted, purified on an automated platform and 

amplified using the multiplex real-time PCR panels. 

2. Materials and Methods 

2.1. Samples and setting 

A total of 98 cases of leishmaniasis diagnosed in Australia between 2008 

and 2020 were included in this study[19]. These cases reflect a global 

distribution of Leishmania cases across five of the clinically relevant species 

complexes[20]. Bead-beating and extractions were performed at the time of 

receipt by hospital staff using 2mm beads at maximum speed for 30sec on the 

TissueLyser and the EZ1 tissue kit on the EZ1 biorobot, respectively (both 

Qiagen, Hilden, Germany) in accordance with the manufacturer's 

recommendations. All clinical DNA samples underwent conventional PCR 

targeting the ITS1 region followed by restriction fragment length 

polymorphism (RFLP) using the method developed by Schönian et al. 

(Schönian method), before storage at -20˚C[21]. 

The DNA of 45 potentially cross-reacting organisms were also included, 

including fungi, bacteria, mycobacteria, viruses, and human and bovine DNA 

(Table 2).  

Commercially available whole genomic DNA and whole cells of the 

following species: L. donovani (MHOM/IN/80/DD8 supplied at 2.3 x 107 

cells/mL), L. braziliensis (MHOM/BR/75/M2903 supplied at 1.63 x 108 cells/mL), 

L. tropica (MHOM/SU/74/K27 supplied at 1.03 x 107 cells/mL), L. amazonensis 

(MHOM/BR/73/M2269 supplied at 9.9 x 106 cells/mL), L. mexicana 

(MHOM/BZ/82/BEL21 supplied at 1.51 x 108 cells/mL), L. infantum 

(MHOM/TN/80/IPT-1 supplied at 2.2 x106 copies/mL) and L. major 

(MHOM/SU/73/5-ASKH supplied at 7.1 x 106 cells/mL) were also included 
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(obtained from the American Type Culture Collection [ATCC, Manassas, 

USA]). Synthetic constructs were used in the design phase of the assays, and 

for an external positive control (EPC), their details are available in the 

Supplementary file. Forty-seven tissue samples from unrelated clinical cases 

and previously characterized as negative for Leishmania at St. Vincent's 

Hospital, Sydney, Australia, by the above methods, were also included.  

2.2. Limit of detection by ITS1-PCR 

For the limit of detection by ITS1-PCR, Leishmania DNA was formulated 

by adding 2,880,000 or 28,800 DNA copies derived from ATCC standards to a 

total volume of 400µL of molecular grade H2O, depending on the available 

starting concentration. These were heated at 70˚C for 15 minutes, then 

processed on the DNA extraction platform, GS-mini (Genetic Signatures Ltd., 

Sydney, Australia), using the MagPurix Viral/Pathogen Nucleic Acids 

Extraction Kit (Zinexts Life Science, Taipei, Taiwan), following the 

manufacturers' instructions. The eluates were diluted in molecular grade H2O 

in 10-fold dilution series to 0.1 copy per PCR and amplified in conventional 

PCR (cPCR) triplicates, according to the Schönian methodology, based on the 

primers LITSR: CTGGATCATTTTCCGATG and L5.8S: 

TGATACCACTTATCGCACTT (targeting the ribosomal internal transcribed 

spacer 1 [ITS1])[21]. The PCR was run on the BioRad T-100 thermocycler 

(BioRad, USA), and the PCR products were electrophorized on 4% agarose E-

Gels (Invitrogen, LifeTechnologies, USA) run and visualized on the E-Gel 

Power Snap Electrophoresis System, using a 50 to 1,500bp ladder 

(ThermoFisher Scientific, USA). 

2.3. Bisulphite conversion and quality control 

Genomic DNA was bisulphite converted by adding 2,880,000 or 28,800 

DNA copies derived from ATCC standards, depending on available starting 

concentration, to a total volume of 150 µL with molecular grade H2O, and 250 
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µL 3M sodium bisulphite was added. Alternatively, 5 µL of DNA, extracted 

previously from a clinical sample DNA, was added to 145 µL of molecular 

grade H2O, after which 250 µL 3M sodium bisulphite was added. For the 

negative tissue samples, 150 µL of tissue lysate, which had previously 

undergone a mechanical bead-beating process, was added to 250 µL 3M 

sodium bisulphite. A negative process control (NPC) of 150 µL molecular 

grade H2O was included in each run. A total of 5 × 105copies/µL Lambda DNA 

(strain cI857 ind 1 Sam 7) (New England Biolabs, Ipswich, USA), an Escherichia 

coli bacteriophage, was added to each of these reactions as the exogenous 

control spike, then the samples were mixed by vortexing, and incubated at 

95˚C for 15 minutes. Subsequently, 200µL of this lysate was purified on the 

GS-mini (Genetic Signatures Ltd., Sydney, Australia) with the Sample 

Processing Pathogens A kit (Genetic Signatures Ltd., Sydney, Australia), 

according to the manufacturer's recommendations. The eluted DNA was then 

diluted in molecular grade H2O in six 10-fold dilution series to 0.1 copy/PCR. 

A negative template control (NTC) of molecular grade H2O and an external 

positive control (EPC) were included in each PCR. The EPC was developed by 

pooling synthetic constructs of the mini-exon regions of L. donovani, L. 

braziliensis, L. tropica, L. amazonensis, L. mexicana, and L. major, consisting of 

adenine, thymine, cytosine or guanine residues only (Sigma, Castle Hill, 

Australia). Further information regarding synthetic constructs are available in 

the Supplementary file. These were bisulphite converted, as described above, 

and diluted to five copies/µL in molecular grade H2O. Separate PCR areas 

were used for mastermix preparation, DNA seeding and PCR reactions. 

2.4. Bisulphite multiplex real-time PCR assay design 

A novel multiplex real-time PCR was developed to differentiate the 

species L. amazonensis, L. mexicana, L. donovani/L. infantum, L. major, L. tropica, 

and L. braziliensis by comparing the mini-exon gene sequences. The Geneious 
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Prime tool (Biomatters, Auckland, NZ) was used to identify regions of 

difference between the genomes. Based on these comparisons, primer and 

probe sets, with individual probe fluorophores, were designed to amplify a 

partial segment of the mini-exon gene for each species. BLAST analyses 

confirmed the specificity of the designed primers and probes. Real-time 

multiplex PCR assays were formulated that contained three main components: 

(1) sets of mini-exon gene primer and probe set for Leishmania identification, 

(2) a human mitochondrial 12S rRNA gene primer and probe set as a host-

specific endogenous control, or (3) a lambda bacteriophage primer and probe 

set targeting an exogenous spike control in the format as outlined in Table 3. 

2.5. Limit of detection, sensitivity, and specificity studies  

All bisulphite-converted DNA samples were analyzed using the described 

real-time PCR panels. The reactions were run on the BioRad CFX96 PCR 

platform (BioRad, USA) using 25µL volumes with a SensiFast Mastermix 

(Bioline, UK). The applied primer concentrations were 50ng, 25ng, and 6ng for 

target, 12S rRNA, and lambda bacteriophage primers, respectively, and the 

applied probe concentration were 5, 2.5, and 3.75 pmol, respectively. A 4µL 

volume of extracted DNA was used. Reaction conditions comprised 95°C for 

3 min, followed by 50 cycles at 95°C for 2s, 55°C for 10s, and 60°C for 10s. A 

total of 98 clinical isolate DNA samples (derived from 89 unique patients) of 

imported Leishmania infections were collected by St. Vincent's Hospital, 

Sydney, Australia. The samples arose from returned travelers, defense force 

personnel and migrants from around the globe and were collected and stored 

at St. Vincent's Hospital, Sydney, Australia between 2008 and 2020. These were 

tested by the bisulphite real-time PCR assays and the results were compared 

to those derived from a widely-used conventional standard method (Schönian 

method) [21]. Clinical sample and potential cross-reacting organisms were 

tested in single replicates, synthetic constructs LOD were tested in three 
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replicates, and ATCC LOD were tested in ten replicates. In order to determine 

the LOD of the bisulphite multiplexed real-time PCR assays, the ATCC 

standards were used alongside diluted known concentrations of synthetic 

constructs, and LOD was defined as the lowest concentration of DNA at which 

the assay detected nine out of ten replicates. Real-time PCR analysis was 

performed on the BioRad CFX Maestro 1.1 program (version 4.1.2433.1219), 

where Cq method determination is by single threshold. Data points were 

excluded if they did not follow the one-in-ten series of approximately 3.3Ct 

values between points (due to inhibition by purification artifacts at high copy 

numbers or poor linearity at low copy numbers). The ATCC standard serial 

dilution limit of detection of 104 copies/PCR diluted down to 0.1 copy/PCR was 

run against a serial dilution of the previously-described synthetic constructs 

from 106 copies/µL diluted down to 0.1 copies/µL in 10-fold dilution series in 

order to generate a standard curve for each. An NTC reaction and EPC 

reaction were included in the PCR run. 

2.6. Patient characteristics and ethics considerations 

All patient records were anonymized and, as far as available, the following 

data were collected for molecular epidemiology purposes: gender, age, region 

of presumed infection, and biopsy sample site. The clinical specimens were 

tested in accordance with St Vincent's Hospital ethics approval, HREC number 

LNR/16/SVH/231. 

3. Results  

3.1. Limit of detection 

The limit of detection of the ITS1-PCR was determined in our previous 

work (using the Schönian method) to be between 10 and 1000 copies of target 

DNA per PCR reaction, dependent upon the species tested[16, 21]. In this 

study reported here, the LOD for the bisulphite assays was found to be 
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between 10 and 100 copies per PCR reaction, dependent upon the species 

tested (Table 4). Figure 2 shows the LOD results obtained with the Leishmania 

differentiation assays using ATCC standard DNAs in the assay. The standard 

curve generated by a 10-fold serial dilution series of reference strain DNA had 

a linear dynamic range over 3 or 4 log-steps (dependent upon LOD) with a 

mean R2 value of 0.9895. 

3.2. Analytical sensitivity and species differentiation 

Of the 98 clinical isolates determined to be Leishmania spp. by ITS1-PCR, 

98 were positive with the bisulphite multiplex assays (100% sensitivity) (Table 

5). In both cases, the external positive control was positive, and the exogenous 

and/or endogenous positive control was positive, indicating DNA extraction 

and/or correct sampling occurred. Table 6 lists the species differentiation 

results of the 98 clinical samples, where all but two samples were in agreement 

because they had no species assignment by the previous PCR-RFLP method. 

3.3. Analytical specificity and cross-reactivity 

To investigate the specificity of the assays, a panel of DNA from 47 

negative clinical samples was tested and no PCR amplification was detected 

(Table 5). To further investigate the specificity of the assay, a panel of DNA 

from 45 phylogenetically organisms, or those with a differential diagnosis 

related to leishmaniasis, were tested. No PCR amplification was detected from 

any of these specimens, giving a specificity of 100%. In both cases, the external 

positive control was positive, indicating the lack of amplification was not due 

to failure of any component of the assay or the presence of PCR inhibitors.  

3.4. Negative control reactions 

No unexpected amplification was observed in NPC and NTC reactions. 

4. Discussion 
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This is the first reported Leishmania differentiation system utilizing 

bisulphite conversion technology, which simplifies the genome for easier 

detection. The results generated in this report show the sensitive and specific 

detection and differentiation of clinically relevant Leishmania species using 

bisulphite conversion technology based upon synthetic construction, 

commercially available standards, and clinical DNA samples. Internal and 

external controls all gave the desired signals, confirming the positive and 

negative results. The internal controls consisted of two controls, an 

endogenous control (human mitochondrial 12S rRNA gene), indicating the 

validity of the sampling, bisulphite conversion, and extraction processes. The 

second, an exogenous control (bacteriophage lambda spike), isolated the 

validity of the bisulphite conversion and extraction processes. The EPC 

validated the PCR amplification reactions. The NPC and NTC assessed 

contamination of the bisulphite conversion, extraction, and PCR processes, 

respectively. Limit of detection cross-reactivity, sensitivity, specificity studies 

were performed. These studies determined the bisulphite real-time PCR 

assays to be highly sensitive and specific, with low LODs. The clinical sample 

results present excellent concordance with the previous PCR-RFLP method, 

where all analytical results were in agreement, apart from two previously-

uncharacterized samples which were able to be assigned to a species with the 

real-time PCR method. This agreement with the previous method confirms 

the applicability of the bisulphite real-time PCR assays for use in the 

detection and differentiation of Leishmania species. 

In this report, we have described the development of a DNA extraction 

and real-time PCR assay system (Figure 3) that can return patient results in 

under 2 hours 30 mins and uses platforms with a small footprint (60cm x 

60cm x 60cm and 33cm x 46cm x 36cm, respectively). This means that patient 

results can be returned within half a day, and 12 individual patient samples 
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may be run at one time. Training for the system is simple, even for 

technicians with limited molecular experience, due to the cartridge-based 

extraction, pre-made multiplex panels, and inclusion of multiple controls for 

quality results analysis. This makes the system applicable for use from the 

national reference laboratory to provincial or mobile laboratories and could 

be easily deployed in outbreak scenarios.  

It should be noted that no L. amazonensis positive clinical samples were 

available, and all positive clinical samples were derived from DNA, as no 

fresh, positive clinical samples were available during the study period. 

Further studies will need to be carried out to accurately determine the 

performance of the detection system as a clinical diagnostic test with fresh 

clinical samples, such as tissue samples, including L. amazonensis positive 

samples. Although not included in this study, due to limited availability, the 

inclusion of Leptomonas seymouri and Leishmania tarentolae DNA should be 

included in future cross-reactivity panels. There has been recent reports of L. 

donovani/L. seymouri co-infection in both CL and VL patients reported in the 

Indian subcontinent and of L. tarentolae and L. infantum/L. tarentolae co-

infection in blood donors in Southern Italy[22, 23, 24]. 

 Based on our findings in the design phase of the assays (data not shown), 

the bisulphite mini-exon real-time PCR has limitations differentiating 

between the South American L. Viannia subgenera species. Differentiation of 

the species is important in epidemiologic and clinical studies, as the clinical 

manifestations differ, particularly as L. braziliensis, L. panamensis and L. 

guyanensis are known to progress to MCL from CL[1, 25]. However, much 

debate has arisen as to whether L. panamensis and L. peruviana species are 

genetically distinct from other species in the L. guyanensis and L. braziliensis 

species complexes, respectively[26, 27, 28]. Further complicating the matter 
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of species designation in the L. Viannia subgenera, gene flow between these 

species is regarded as common, with around 10% of strains being genetically 

complex, including hybrids and mito-nuclear discordance [29, 30]. Hybrid 

species have been reported between L. braziliensis and L. peruviana, L. 

panamensis and L. guyanensis, and even between L. braziliensis and L. 

guyanensis (spanning the two L. Viannia species complexes)[30, 31, 32]. As 

well as the difficulties in the definition of species, as observed in L. Viannia 

species but also more widely, the quality of Genbank sequences for 

Leishmania has been queried on multiple occasions [33, 34, 35, 36]. Erroneous 

species classifications, attributed to contamination or laboratory error, 

complicates interpretation of sequence reads, presenting difficulties in isolate 

identification and subsequent assay design. Despite this, further work should 

be performed to differentiate between these species as current, and robust L. 

Viannia species data becomes available, in order to address clinical concerns. 

Species-specific real-time PCRs have been deemed inappropriate for 

regions with sympatric Leishmania species, allopatric regions, or those 

regions concerned with returning global travelers and due to the presence of 

polymorphisms and hybrid species[7]. This assay covers all clinically 

relevant species from around the globe and is resistant to false negatives, 

which contribute to the sustained reservoir population. The sensitive and 

rapid nature of the assay ensures that responsive decision-making can be 

made to improve patient outcomes. This detection system may be paired 

with a genus-wide Leishmania spp. detecting system based upon the same 

extraction protocol as described, developed previously. Thus the assay 

addresses the need for a standardized, differential test for clinically relevant 

Leishmania species. 

5. Conclusions 
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The use of a genus-wide and species-specific assay has been suggested as 

the optimal diagnostic method for leishmaniasis[7]. The Leishmania typing 

assay described here is highly sensitive and specific and, combined with the 

previously designed pan-Leishmania detection assay by the authors, represents 

a major step forward in meeting such requirements[16]. Furthermore, the 

system provides rapid results with a small footprint in an easy-to-use platform 

that may be used in both established laboratories globally or deployed in 

outbreak scenarios at a near point-of-care setting. We anticipate trialing the 

usefulness of this technology in a clinical setting in the near future. 
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Figures and Tables

Figure 1. Example of the bisulphite conversion mechanism. When Cs are detected as Ts, in this example, homology is increased 

from 75% to 95% from the "Before" to "After" consensus regions.
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Figure 2. Results obtained using the differentiation assays on ATCC standards 

(Cycle threshold (Ct) averaged from 10x PCR replicates). The standard curve 

was plotted using log10 concentration versus Ct value. 
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Figure 3. Overview of the complete Leishmania differentiation system when 

performed on fresh tissue samples. 1. Circular blade removes ulcerated site 

from dermal layer. 2. Rapid agitation with grinding media (metallic beads) in 

a bead beater releases amastigotes. 3. DNA is bisulphite converted and 

purified from lysed amastigotes. 4. Purified DNA is amplified by real-time 

PCR. 5. Positive Leishmania patients cross the threshold line (over 200 Relative 

fluorescence units) within 45 cycles (<45.00 Ct). 
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Table 1. Previously published Leishmania detection assays in human samples, utilizing original mini-exon gene designs (cPCR- 

conventional PCR, qPCR- real-time PCR). 

Application Primers and probes 5' – 3' (name: sequence) Typing Geographical 

region 

Reference 

cPCR/dot 

hybridization 

0-22: TTCCGGAAGGTTTCGCATAC 

0-23: GTCTTCCGGCAAGATTTTGG 

Yes Old World/ 

New World 

[37] 

cPCR/sequencing Forward: GGGAATTCAATATAGTACAGAAACTG 

Reverse: GGGAAGCTTCTGTACTTTATTGGTA 

Yes Old World/ 

New World 

[38] 

cPCR T2: CGGCTTCGCACCATGCGGTG 

B4: ACATCCCTGCCCACATACGC 

Yes Old World [39] 

cPCR with 

hybridization 

probes 

S-1629: GGGAATTCAATA(A/T)AGTACAGAAACTG 

S-1630: GGGAAGCTTCTGTACT(A/T)TATTGGTA 

(conserved region) 

S-1593:A(A/G)(C/T)GGCACCCCCCTCACA(G/A)CGA 

CCTGGGCA 

(L. braziliensis, L. guyanensis, L. panamensis) 

Yes Old World/ 

New World 

[40] 
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S-1698: CGGCCATGGTGGTGAC(G/A)CGCGGGCCCGTGC  

(L. chagasi, L. donovani, L. infantum) 

S-1595: 

GGGCG(C/A)CGGC(A/G)GCCGTGAC(A/G)CGTGG(C/T)CCGG 

(L. amazonensis, L. mexicana) 

S-1932: GCGTGCGCGGAGAACATCCA 

(L. aethiopica) 

S-1933: GCGTGCGCGGGGAACGGCCA  

(L. major) 

S-1981: GCGTGCGCGGAGAACATCCATCAA  

(L. tropica) 

cPCR LU-5A: TTTATTGGTATGCGAAACTTC 

LB-3C: CG(C/G)CCGAACCCCGTGTC 

LM-3A: GCACCGCACCGG(A/G)CCAC 

LC-3L: GCCCGCG(C/T)GTCACCACCAT 

Yes New World [6] 

Probe 

hybridization 

Probe: 

AACTAACGCTATATAAGTATCAGTTTCTGTACTTTATTG 

Yes New World [41] 
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Hemi-nested 

PCR 

Mini-Exon fw: 

AACTAACGCTATATAAGTATCAGTTTCTGTAC 

N-Ter-region-2 rev: GTCCAGAAGAAGCTGCTCAGCC 

N-Term-region-3 rev: AAGGTAGATGGGCGTCTTCTCAGCG 

No New World [42] 

cPCR LV1: CGTCTTCCGGCAACATTT  

LV2: CGTTAGTTGGAAGCCCAAGG  

No New World  [43] 

cPCR/sequencing F(RIVM): ACTTCCGGAACCTGTCTTCC 

R(RIVM): CAGAAACTGATACTTATATAGCGTTA 

F(AMC): ACTTTATTGGTATGCGAAACTTCCGG 

R(AMC): ACAGAAACTGATACTTATATAGCGTTAG 

Yes New World [44] 

cPCR ME/Unit primers  

ME1: CAATATAGTACAGAAACT G 

ME2: TTCTGTACTTTATTGGTA 

ME/Other primers  

ME1: CAATATAGTACAGAAACTG 

ME3: ACTTTATTGGTATGCGAA 

Yes Old World/ 

New World 

[45] 
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qPCR Miniexon 1  

F: CGAAACTTCCGGAACCTGTCTT  

R: CACCACACGCACGCACAC  

P:CGGCAAGATTTTGGAAGCGCGCA  

Miniexon 2  

F: GTGTGGTGGCGGGTGTATGT  

R: GCCCAGGTCGCTGTGAGG 

No Old World/ 

New World 

[5] 
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Table 2. Cross-reactivity panel tested with the Leishmania differentiation assays  

Bacteria Fungi Protozoa Viral Mammalian 

Acinetobacter baumannii Acremonium strictum Crithidia fasciculata Herpes Simplex Virus Type I Bos taurus 

Bacillus cereus Aspergillus fumigatus Giardia intestinalis Herpes Simplex Virus Type II Homo sapiens 

Bacillus subtilis Aspergillus sp. Entamoeba histolytica Varicella Zoster Virus  

Clostridium perfringens Aureobasidium pulluans Trypanosoma cruzi   

Clostridium sordelli Bipolaris sp. Trichomonas vaginalis    

Escherichia coli Fusarium sp.    

Enterococcus faecalis Microsporum canis    

Haemophilus influenzae Penicillium sp.    

Klebsiella oxytoca Scedosporium prolificans    

Klebsiella pneumoniae Trichophyton mentagrophytes    

Moraxella cattaharalis Trichophyton rubrum    

Proteus mirabilis Trichophyton tonsurans    

Proteus vulgaris     

Providencia stuartii     
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Pseudomonas aeruginosa     

Staphylococcus aureus     

Staphylococcus hominis     

Stenotrophomonas 

maltophilia  
 

  

Streptococcus pyogenes     

Streptococcus mutans     

Yersinia sp.     

Mycobacteria abscessus     

Mycobacteria sp.     
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Table 3. Real-time PCR Panels for the differentiation of Leishmania species (amplicon length in base pairs).  

Target description Old World A Old World B New World A New World B New World C 

Species complex/ 

species/subgenera 

L. tropica (109bp) L. donovani/L. infantum 

(93bp)                             

L. major (97bp) 

L. donovani/L. 

infantum (93bp) 

L. mexicana (110 bp)          

L. amazonensis (109bp) 

L. braziliensis (79bp) 

Internal control 12S rRNA gene 

(105bp) 

12S rRNA gene (105bp) Lambda 

bacteriophage 

(101bp) 

Lambda bacteriophage 

(101bp) 

Lambda bacteriophage 

(101bp) 
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Table 4. Limit of detection of ATCC standards. 

Target Detection limit (copies/PCR) 

L. tropica 10 copies 

L. donovani 

L. infantum 

10 copies 

10 copies 

L. major 100 copies 

L. mexicana 10 copies 

L. amazonensis 10 copies 

L. braziliensis 10 copies 
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Table 5. Comparison of the bisulphite real-time PCR assays and ITS1-PCR for the detection of Leishmania spp. 

Method 
 ITS1-PCR result 

 Positive Negative Total 

Bisulphite real-time PCR 

result 

Positive 98 0 98 

Negative 0 47 47 

Total 98 (100% sensitivity) 47 (100% specificity) 145 
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Table 6. Side-by-side analysis of the bisulphite real-time PCR assays and 

ITS1-PCR for the differentiation of Leishmania species in clinical sample DNA. 

Species 
ITS1-PCR 

result  

Bisulphite real-time 

PCR result 

L. tropica 40 41 

L. donovani/L. infantum 27 27 

L. major 7 7 

L. mexicana 2 2 

L. braziliensis 20 21 

No species designation 2 0 

Total 98 98 
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1. Abstract 

Visceral leishmaniasis and a post-treatment complication, post-kala-azar 

dermal leishmaniasis, cause significant mortality and morbidity, respectively, to 

those living in endemic regions. The diagnosis of these two diseases, caused by 

the parasite Leishmania,  is plagued with diagnostic pitfalls and challenges. 

Thus, the World Health Organisation has prioritised actions to aid in reaching 

elimination targets for these diseases, through less invasive methods of 

detection and a test-of-cure. The study presented here aims to address these 

diagnostic challenges, incorporating several innovative technologies and 

platforms. Whole peripheral blood was utilised as a less-invasive sampling 

method, integrating bisulphite modification and target capture technology, 

with an observed detection limit of 100 cells/mL. A potential test-of-cure was 

also developed, also incorporating bisulphite technology, detecting RNA 

presence in clinical sample nucleic acid, an indicator of parasite viability. 

Although the study would greatly benefit from further work employing fresh 

clinical samples, including blood samples, pertinent diagnostic solutions to help 

reach these elimination targets were achieved. 
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2. Introduction 

The visceral form of leishmaniasis, known as kala-azar, is a chronic disease 

affecting primarily the spleen, liver, and bone marrow. The disease is caused by 

Leishmania parasites, which exist in two forms during their life cycles, 

amastigotes (in the mammalian host stage) and promastigotes (in the sand fly 

vector stage). While in the human host, the amastigotes preferentially reside in 

macrophages. Unlike the cutaneous form of the disease, visceral leishmaniasis 

(VL) is fatal in 95% of cases if treatment is not administered [46]. A complication 

of VL, post-kala-azar dermal leishmaniasis (PKDL), characterised by papular or 

nodular rashes, occurs months to years after successful VL treatment in 5-15% 

of cases. Both forms of this disease are caused by Leishmania donovani or 

Leishmania infantum species, although the forms are prominent in differing 

regions. It is estimated that 50,000 to 90,00 new cases of the VL disease occur 

each year, with the Indian subcontinent making up the majority of the cases, as 

well as a significant number of cases occurring in East Africa and Brazil [47].  

Diagnostic pitfalls are associated with both VL and PKDL. Aside from 

assessment of clinical signs and simple serological tests, visceral leishmaniasis 

is in some settings detected by the microscopic assessment of lymph node, bone 

marrow, or splenic biopsies, all procedures that present significant risks to the 

patient. Splenic biopsies are of major concern, as they can result in death if not 

performed correctly. Rapid antigen and antibody tests, although cost effective 

and simple to use, can return poor sensitivity[48]. Post-kala-azar dermal 

leishmaniasis is currently detected by slit skin smears, with poor detection rates 

of between 4-58% [49]. According to the World Health Organisation (WHO), 

strengthening diagnostics is a top priority for some neglected tropical diseases, 

one specific goal being to "Develop less invasive test of cure of post-kala-azar 

dermal and visceral leishmaniasis" [50]. In addition, the WHO identified that 

current detection for both VL and PKDL could be enhanced through a "test of 



 

80 
 

cure" (TOC) diagnostic test. This will allow monitoring of the active status of 

VL cases and help predict which VL cases are likely to develop into PKDL. This 

data is important for case management and epidemiological monitoring and 

elimination programs such as the Kala-Azar Elimination Programme (KAEP) 

[47].   

In response to these priorities, two real-time PCR assays were developed: 

one aimed to validate the use of whole peripheral blood as a less invasive 

sample type for VL and PKDL diagnosis (incorporating nucleic acid extraction 

optimisation); and the other to accurately assess TOC through parasite viability. 

These two assays were designed incorporating the already embedded 

bisulphite technology developed in the pan-Leishmania and Leishmania species 

differentiation assays developed previously (Chapters 2 and 3) [16]. Bisulphite 

conversion is a method of chemically simplifying the genome by converting 

cytosines to thymines. This can be done within the lysis step of clinical sample 

preparation, resulting in increased genomic homology. Assay design targeting 

this more homologous genome can, therefore, cover more subtypes and 

polymorphisms, which is particularly useful in analysing samples that may 

include multiple Leishmania species.  

As part of the study design, a target product profile (TPP) was constructed 

to outline the efficacy, safety, and user needs to define desired attributes of a 

test (Table 1). A TPP is a strategic document that outlines all relevant technical, 

medical, and scientific information related to the product, in this instance, a 

diagnostic test. The TPP was targeted to address the WHO diagnostic priorities 

by defining “Optimal” and “Minimal” desired attributes of the test [50]. Some 

of these desired attributes are embedded into the test by integrating equipment 

from previous studies, whereas others were able to be designed de novo to meet 

specific requirements. For instance, the use of whole peripheral blood was 

prioritised over blood components (e.g., buffy coat) to remove the need for a 
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centrifuge in the extraction process. The use of a centrifuge in the extraction 

process requires a piece of large and expensive laboratory equipment, is time-

consuming, and creates an additional risk of contamination. Peripheral blood is 

known to be inhibitory to downstream PCR processes and poses challenges to 

bisulphite conversion studies, due to its heterogenous nature [51].  
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Table 1. Target Product Profile for an automated real-time PCR based near point-of-care diagnostic test for visceral leishmaniasis 

and post-kala-azar dermal leishmaniasis (adapted from [52]). 

SCOPE Optimal  Minimal  Rationale 

Intended use  Detection of VL or 

PKDL with the purpose 

of initiating treatment 

the same day 

Detection of VL or PKDL  VL is the most deadly form of 

leishmaniasis, 95% fatality rate if not 

treated  

Target population Individuals with 

clinical signs 

suggestive of VL, and 

PKDL 

Individuals with clinical signs 

suggestive of VL 

Test ordered after clinical sign assessment 

Target operator of test  Trained laboratory 

staff- technicians 

Trained laboratory staff- 

scientists 

Endemic region/mobile laboratories may 

have limited expertise 

Target use setting Health care facilities 

with minimal 

laboratory 

Conventional laboratory This test could replace gold standard 

(microscopy) 
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infrastructure, or 

mobile team 

Target analyte to be 

detected  

Leishmania DNA and 

internal control 

Leishmania DNA PCR-based technique 

PERFORMANCE 

CHARACTERISTICS 

Optimal  Minimal  Rationale 

Limit of detection 5-10 cells/mL 100-200 cells/mL Measured against a reference method 

Clinical specificity  100% >95%  Tested on negative blood samples  

Leishmania species-

specificity 

Leishmania species-

specific  

Leishmania genus-specific  VL/PKDL known to be caused by L. 

donovani complex species 

Type of analysis Quantitative  Qualitative Parasite load is valuable for treatment 

monitoring 

TEST PROCEDURE Optimal  Minimal  Rationale 

Training requirements One day for any level 

health care worker 

One week for any level health 

care worker 

PCR experience is likely limited with staff 
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Sample type  Peripheral (whole) 

blood 

Splenic, bone marrow, lymph 

node biopsy or split skin 

smear 

Minimally invasive sampling procedures 

and not requiring centrifugation preferred 

Number of steps to be 

performed by operator 

<3  <10 Risk of contamination/user error 

Sample transfer 

requirements 

Disposable transfer 

device provided 

Pipettes required Sample will need to be added from 

collection tube manually 

Time to result  <1hr <3hrs For clinical decision-making 

Internal control Endogenous (included) Exogenous (needs to be 

added) 

Internal control to confirm validity of the 

test 

Result interpretation Automated result to 

LIS 

Interpretation of amplification 

results 

Results generally need to be validated 

Auxiliary equipment  Semi-portable 

extraction and PCR 

equipment 

Large, fixed extraction and 

PCR equipment 

Equipment is required for PCR-based 

testing 

Power Requirements  Intermittent (required 

for time of experiment) 

Constant Electricity supply often cannot be 

guaranteed  
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Maintenance/spare parts Provided by supplier Performed by/sourced by 

testing laboratory 

Laboratory equipment requires 

maintenance 

OPERATIONAL 

CHARACTERISTICS 

Optimal  Minimal  Rationale 

Operating conditions  5–50 °C, up to 90% 

relative humidity (RH), 

0–4000 m above sea 

level 

5–40 °C, up to 80% RH, 0–2000 

m above sea level  

High environmental temperatures and 

high humidity are often a problem in 

endemic countries 

Reagent kit transport  No cold chain required; 

tolerance of transport 

stress for a minimum of 

72h at −15 °C to 50 °C 

Transport on ice packs 

required; tolerance of 

transport stress for a 

minimum of 72h at −15 °C to 

20 °C 

Refrigerated transport is costly and often 

cannot be guaranteed during the entire 

transportation process. Frequent delays in 

transport are common 

Reagent kit 

storage/stability  

No cold chain required. 

Up to 24 months at 50 

°C, up to 90% humidity 

4 °C storage required up to 24 

months. 

Refrigerated and freezer storage is costly 

and electricity supply often cannot be 

guaranteed  
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Reagents 

reconstitution/preparation 

All reagents ready to 

use 

Minimal transfer (no 

equipment needed) 

Reduced interaction with sample/reagent 

reduces risk of contamination/user error 

In use stability   <3h for single use test 

after reagents 

reconstituted 

<1h for single use test after 

reagents reconstituted 

High environmental temperatures and 

high humidity are often a problem in 

endemic countries  

Biosafety requirement No need for biosafety 

cabinet 

Need for biosafety cabinet Standard biosafety precautions when 

handling potentially infectious materials 

PRICING Optimal  Minimal  Rationale 

Maximum price for 

individual test 

<10 USD per test  <20 USD per test  Endemic regions often have constrained 

budgets 

Maximum price for 

instrumentation. 

<2000 USD  <20,000 USD DNA extraction and PCR equipment may 

be used for other assays 

Expected scale of 

manufacture 

500,000 tests per year 100,000 tests per year  Based on 100,000-400,000 estimated VL 

cases (including follow up testing); and 

provided the test replaces reference 

method (microscopy) 
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Therefore, initial experimental work was performed to investigate pre-

treatments to whole blood both before and after the bisulphite conversion step, 

followed by conventional extraction with a commercially available kit.  

 

The next phase of whole blood extraction experimentation explored target 

capture technology to remove target DNA directly from the clinical sample and 

then carried through purification and conversion processes (Figure 1). This 

method was also chosen as it has the option to be adapted to an automated 

platform. The kinetoplast DNA (kDNA) minicircle was selected as the gene 

target of choice as it is present in extremely high copy numbers (~10,000 

copies/genome), which mitigates potential inhibitory effects of residual 

peripheral blood [7]. kDNA minicircles encode guide RNA and are highly 

heterogeneous and have been reported to undergo rapid evolution (although 

this has been contested) [53, 54]. By selecting the conserved region, combined 

with bisulphite modification, this heterogeneity can be moderated, and a pan-

Leishmania target region was exploited in the target capture method. Indirect 

sequence-specific target capture is the process by which DNA is hybridised 

with a target region-specific biotinylated capture probe and then subsequently 

captured with streptavidin-coated magnetic beads. This allows for the removal 

of undesirable DNA and inhibitors from complex clinical samples such as 

whole blood and for concentrating this target DNA for downstream 

applications. Additionally, 12S mitochondrial DNA was used as an endogenous 

control to measure background tissue presence. 

 

A TOC for VL and PKDL was prioritised by the WHO, largely because drug 

resistance (particularly for pentavalent antimonials) can result in relapse of 
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Figure 1. Target capture assay workflow, demonstrating the pathway for DNA binding to the capture oligonucleotide, through 

bisulphite conversion, washing and elution steps and the final real-time PCR amplification for detection. BiS- bisulphite converted. 
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disease [55]. Additionally, confirming viability can give information on carriers 

of the disease that act as reservoirs of the parasite. PCR is the most sensitive test 

of parasitological cure, performed one month and six months post-treatment 

[55]. However, due to its stability, non-viable Leishmania DNA remains in 

clinical samples and is detected for around 24 hours after parasite death. Thus, 

it has been suggested that RNA-based amplification is preferred [4]. The spliced 

leader RNA (SL-RNA) has been proposed as a measure of viability as it quickly 

degrades after the death of the pathogen, so can be measured against the 

presence of a DNA target [56, 57]. The SL-RNA sequences are highly conserved 

among all Leishmania species, are present in high copy numbers (~150 copies/ 

genome), are responsible for RNA processing and have roles in transcription 

and translation [58]. For viability status, an assay based on the SL-RNA was 

developed and tested, both with and without the reverse transcriptase enzyme, 

to measure how much amplified product originated from RNA as opposed to 

DNA. Bisulphite technology was incorporated into this assay design to ensure 

integration into the previously developed extraction system and to be used 

alongside, or as a reflex to, the previously developed Leishmania detection 

assays (Chapters 2 and 3). 

 

3. Materials and methods 

3.1 kDNA minicircle assay design for the detection of target Leishmania 

DNA 

Literature searches were performed to identify assays designed to 

conserved regions of the kDNA minicircle gene. Designs from three papers 

were identified [59, 60, 61], and BLAST analyses were performed on each 

region. The assay designed by Francino et al. [61]was selected and multiple 

sequence alignments (MSAs) were performed for this design using the 
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MUSCLE algorithmic approach implemented in the Geneious Prime 2020.2.3 

software package (https://www.geneious.com). The regions corresponding to a 

188bp amplicon was identified (Figure 2a). A forward and reverse primer, and a 

probe were identified manually. Two unavoidable potential mismatches were 

observed at position 885 and 889, but designed so as to not occur near the 3’ end 

of the reverse primer. Primers and probe were then converted to the bisulphite 

converted form, that is, with thymines replacing cytosines (and reverse 

complemented for the reverse primer)(Table 2). Primers and a probe 

(EasyBeacon probe technology) were ordered from suppliers IDT (Coralville, 

USA) and Pentabase (Odense, Denmark), respectively. 

 

3.2 12S mitochondrial DNA assay design for the detection of an 

endogenous control 

GenBank nucleotide searches were performed to identify conserved regions 

of the 12S mitochondrial DNA gene (GenBank accession number MK617223). 

BLAST analyses were performed on these regions, and MSAs were performed 

and a conserved region corresponding to a 74bp amplicon was identified for the 

wild type (four base) region and to a 99bp amplicon for the bisulphite 

converted region (Figure 2b). Forward and reverse primers, and a probe were 

identified for each design, then transformed to the bisulphite converted form 

for the bisulphite converted design (and reverse complemented for the reverse 

primer), (Table 2). Primers and probes (EasyBeacon probe technology) were 

ordered in both the bisulphite converted form and wild type form from 

suppliers, IDT and Pentabase, respectively. 
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Figure 2. Multiple sequence alignments for wild type (four base) kinetoplast DNA (a), 12S mitochondrial DNA (b), and Spliced-

leader RNA (c) used for assay design. The primer and probe names relate to those described in Table 2. Designed assays were 

converted to bisulphite form (three base) manually. Accession numbers are as follows, (a) AF190475, AF190476, AJ010081, 

AJ275331, X84844, Y11401, Z35271, Z35272, Z35273, EU437403 (reversed); (b) ON688208, ON457162, ON409192, ON682947, 

ON640629, ON682948, ON602072, ON156780, ON156779, ON156778; (c) LN609266 (reversed), LS997601 (reversed), MG010485, 

MG010486, CP040130, FR799555, CP048158.1, FR796434, AF097653, respectively.
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Table 2. Primer and probe details for the described assays. Primer melting temperatures were calculated for 50mM NaCl, probe 

melting temperatures were assessed through melt curve. 

Assay (target 

gene) 

Sequence 

name 

Sequence (5’-3’) Melting 

temperature  

Blood detection 

(kDNA) 

kDNA-F AATTTTTTTGGTTTTTTGGGTAG 48.9˚C 

kDNA-P FAM-AAAAATGGGTGTAGAAAT-BHQ1 61.3 ˚C 

kDNA-R ACCCCCAATTTCCCACC 55.1 ˚C 

Blood 

detection/bisul

phite 

conversion (12S 

mitochondrial 

DNA) 

12S-F-BiS AGTAAATTTTGATGAAGGTTA 45.0 ˚C 

12S-P-BiS Penta Yellow-TTATGTAAAGATGTTAGGTTAAGGTGTAGTTTATG-BHQ1 68.6 ˚C 

12S-R-BiS AAATATAACCCATTTCTTACCAC 48.7 ˚C 

Bisulphite 

conversion (12S 

12S-F GTAAGCGCAAGTACCCACGTAAAG 59.7 ˚C 

12S-P Penta Yellow-AGGTCAAGGTGTAGCCCATG-BHQ1 68.9 ˚C 

12S-R AAATGTAGCCCATTTCTTGCCAC 56.2 ˚C 
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mitochondrial 

DNA) 

Viability (SL-

RNA) 

SL-RNA-

F 

AATTAATGTTATATAAGTATTAGTTTTT 44.8 ˚C 

SL-RNA-

P 

FAM-TTGGTATGTGAAATTTTTGG-BHQ1 63.3 ˚C 

SL-RNA-

R 

AAATATTACCAAAAAACAAAT 42.0 ˚C 

Target capture 

(kDNA) 

kDNA-

PC 

BioTinTEG/CTTTTCTGGTCCTCCGGGTAGGGGCGTTCTGCGAAAACCGAAAA

ATGGGTGCAGAAATCCCGTTCAAAAA 

72.3 ˚C 
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3.3 Whole peripheral blood extraction pre-treatments 

In order to investigate the extraction and bisulphite conversion of Leishmania 

DNA from whole peripheral blood, early exploratory work was performed on a 

range of clinical sample pre-treatments both directly before and after bisulphite 

conversion step. This was performed on contrived clinical samples of spiked L. 

donovani cells to a concentration of 1000 cells/mL in four pooled whole blood 

samples, derived from a pool of three clinical blood samples each. All patient 

samples were de-identified and tested in accordance with St Vincent's Hospital 

ethics approval, HREC number LNR/16/SVH/231. Pre-treatment conditions 

were performed according to Table 3. The workflow of pre-treatment, 

bisulphite conversion, and DNA extraction was according to Figure 3, vortexing 

briefly between each step. A control sample was tested, with no pre-treatment 

applied, according to Figure 3. The total pre-treatment lysate was extracted on 

the GS-mini platform (Genetic Signatures Ltd., Sydney, Australia), using the 

Zinexts Blood 1200 Kit (Taipei, Taiwan), with 100µL elution volume (with the 

1000µL elution buffer position replaced with 1000µL of Genetic Signatures Ltd. 

elution solution (pH 12.2), (Sydney, Australia)). 
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Table 3. Volumes of the pre-treatment added to the reaction and incubation 

conditions (temperature and time). The pre-treatments were added to 150µl 

sample and 400uL sodium bisulphite. 95˚ for 20 mins. SDS- sodium dodecyl 

sulfate, ProK- Proteinase K. 

Pre-treatment Supplier Volume 

added  

Incubation 

step 

Triton X-100 Sigma-Aldrich, UK 15µL *95˚C for 5 

min  

SDS 10%w/v Sigma-Aldrich, UK 40µL *37˚C for 

10min 

ProK Versant, Switzerland 15µL *37˚C for 

10min 

SDS + ProK Sigma-Aldrich, UK, 

Versant, Switzerland 

40µL SDS, 

15µL ProK 

*37˚C for 

10min 

Dithiothreitol (Sputasol) Thermofisher, USA 150µL *37˚C for 

10min 

tris(2-carboxyethyl) 

phosphine) (TCEP) 

Sigma-Aldrich, UK 5µL *37˚C for 

10min 

Control (no additive) N/A N/A N/A 
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Figure 3. Work flow of pre-treatment application, before or after bisulphite 

conversion. 
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The kDNA/12S mitochondrial DNA duplex assay was tested in duplicate, 

and PCR reactions contained 10µL Bioline SensiFast mastermix (London, UK), 

0.9µM of each kDNA primer and 0.2µM kDNA probe, 0.18µM of each 

endogenous control primer and 0.13µM control probe, 2µL contrived samples 

and molecular grade water up to a reaction volume of 20µL. PCR cycling 

conditions were as follows: 95˚C for 3 mins; 40 cycles of 95˚C for 2sec; 55˚C for 

10 sec (data collection point); and 60˚C for 10 sec. 

A 12S mitochondrial DNA singleplex assay was tested against a wild type 

(four-base) version of the 12S DNA mitochondrial assay design, that is, with no 

cytosines converted to thymines. These assays were amplified in singleton and 

PCR reactions contained 10µL SensiFast mastermix, 0.18µM of each primer and 

0.13µM probe, 2µL contrived samples, and molecular grade water up to a 

reaction volume of 20µL. PCR cycling conditions were as follows: 95˚C for 3 

mins; 40 cycles of 95˚C for 2sec; 55˚C for 10 sec (data collection point); and 60˚C 

for 10 sec. 

The relative expression of bisulphite conversion was calculated by the ΔCT 

method [62], using the following equation:  

=2(Ct bisulphite converted-Ct non-bisulphite converted) 

(assuming that each PCR cycle doubles the number of amplicons). 

 

3.4 Target capture kDNA biotinylated capture probe design 

A 70bp region of the conserved kDNA region was identified from the 

previously described kDNA MSAs (Figure 2a), and labelled with a biotin label 

at the 5' end of the oligonucleotide using a C6 spacer by IDT. 

 

3.5 Target capture and blood extraction validation 
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2x "Binding Wash Buffer" (BWB) was prepared as the following solution: 

10mM TrisHCl; 1mM EDTA; 2M NaCl. ThermoFisher Streptavidin beads 

(Massachusetts, USA) were diluted 1:1 in 2x BWB. 5mL of peripheral blood was 

collected in a Copan EDTA vacutainer (Murrieta, USA) and stored at 4oC.  

Leishmania donovani promastigotes, obtained from the American Type 

Culture Collection (ATCC, Manassas, USA) were diluted to 5.6x10^5 cells/mL in 

molecular grade water, and diluted in a further 1 in 10 dilution series in 

molecular grade H2O to 5.6x10^0 cells/mL. 17.8µL of each dilution was added to 

100µL whole blood (to create contrived L. donovani positive whole peripheral 

blood samples) or molecular grade H2O background to a total concentration of 

10^5cells/mL down to 0.1 cells/mL. A negative process control and negative 

clinical samples, (where no cells were added to molecular grade H2O 

background or blood background, respectively), were also included. 

These diluted cells and contrived samples were then incubated at 70˚C for 

10 minutes with 5µL 10µM biotin-labelled oligonucleotide, 850µL molecular 

grade H2O, 850µL 2x BWB and, 200µL of the diluted streptavidin beads, which 

was incubated at room temperature for 12 minutes, with slow inversion. The 

beads were magnetised, and the supernatant discarded.  

The DNA/oligonucleotide/bead complex was washed with 1mL 1x BWB 

solution for three rounds, then eluted in 200µL molecular grade H2O at 72˚C for 

10 mins and subsequently magnetised. 150µL of this supernatant was added to 

250µL 3mM bisulphite and incubated at 95˚C for 20 mins. The contrived 

samples were eluted directly into 400µL of 3mM bisulphite solution, and 200µL 

of this lysate was extracted on the GS-mini platform using the Pathogens A kit 

with an elution volume of 100µL. 

The diluted cells and contrived samples were tested against a commercial 

kit reference method (Blood 1200 extraction kit, Zinexts), using contrived blood 
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samples prepared as described above. A total concentration of 10^5cells/mL 

down to 1 cells/mL were added to 900µL 3M bisulphite solution, incubated at 

95˚C for 20 minutes. The total 1000µL lysate was extracted on the GS-mini using 

the Blood 1200 kit (with the 1000µL elution buffer position replaced with 

1000µL of Genetic Signatures Ltd. elution solution [pH 12.2]) with an elution 

volume of 100µL.  

The kDNA/12S mitochondrial DNA duplex assay was tested in duplicate, 

and PCR reactions contained 10µL SensiFast mastermix, 0.9µM of each kDNA 

primer and 0.2µM kDNA probe, 0.18µM of each endogenous control primer, 

0.13µM control probe and 2µL eluate (of contrived sample DNA, diluted 

promastigote L. donovani DNA from 100 cells/mL to 0.1 cells/mL, control 

samples) up to a reaction volume of 20µL. PCR cycling conditions were as 

follows: 95˚C for 3 mins; 40 cycles of 95˚C for 2sec; 55˚C for 10 sec (data 

collection point); and 60˚C for 10 sec. 

 

3.6 Viability assay design 

Literature searches were performed to identify conserved regions of the SL-

RNA region. Designs from two papers were identified [56, 63], and BLAST 

analyses were performed on each region. MSAs were performed for these 

designs using the MUSCLE algorithmic approach implemented in the 

Geneious Prime 2020.2.3 software package (https://www.geneious.com), and a 

conserved region corresponding to a 78bp amplicon was identified (Figure 2c). 

The regions corresponding to the forward and reverse primers, and a probe 

were identified manually. One unavoidable potential mismatch was observed 

at position 74, but designed so as to not occur near the 3’ end of the reverse 

probe. Primers and probes were then converted to the bisulphite converted 

form, that is, with thymines replacing cytosines (and reverse complemented 
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for the reverse primer) Table 2). Primers and probes (EasyBeacon probe 

technology) were ordered from suppliers, IDT and Pentabase, respectively. 

 

3.7 Viability assay validation 

Leishmania nucleic acid was extracted, and bisulphite converted from 81 

previously described Leishmania positive DNA samples [16]. These were 

previously analysed by ITS1 PCR-RFLP method, and the DNA samples 

were stored at -20˚C. Although validated previously for DNA extraction, 

the Pathogens A kit is also developed for RNA extraction. This kit is a 

closed cartridge-based system whereby nucleic acid is bound to magnetic 

beads, with subsequent washing and finally elution steps, using heating 

and shaking to increase nucleic acid yield. Downstream bisulphite 

conversion, post-conversion extraction (with the Pathogens A kit), and 

storage (at -80˚C) were all appropriate for RNA. The SL-RNA assay was 

tested for separate DNA and combined DNA/RNA detection in clinical 

samples. 

The Leishmania nucleic acid clinical samples were assayed in duplicate by 

the SL-RNA assay, with and without the use of a reverse transcriptase (RT) 

enzyme and the reverse transcriptase step, to assess how much of the PCR 

signal originated from RNA as opposed to DNA. The percentage of DNA 

detected by the SL RNA assay was calculated by the ΔCT method [62], using 

the following equation:  

= 
100%

2(𝐶𝑞 𝑤𝑖𝑡ℎ 𝑅𝑇−𝐶𝑞 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑅𝑇)
  

(assuming that each PCR cycle doubles the number of amplicons). 

For LOD studies, commercially available whole genomic DNA and 

whole cells of the following species: L. donovani (MHOM/IN/80/DD8 

supplied at 2.3 x 107 cells/mL), L. braziliensis (MHOM/BR/75/M2903 
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supplied at 1.63 x 108 cells/mL), L. tropica (MHOM/SU/74/K27 supplied at 

1.03 x 107 cells/mL), L. amazonensis (MHOM/BR/73/M2269 supplied at 9.9 x 

106 cells/mL), L. mexicana (MHOM/BZ/82/BEL21 supplied at 1.51 x 108 

cells/mL), L. infantum (MHOM/TN/80/IPT-1 supplied at 2.2 x106 cells/mL) 

and L. major (MHOM/SU/73/5-ASKH supplied at 7.1 x 106 cells/mL) were 

obtained from the American Type Culture Collection (ATCC, Manassas, 

USA). Genomic DNA was bisulphite converted by adding 2,880,000 or 

28,800 DNA copies (quantified by manufacturer and using an online 

calculator, https://www.thermofisher.com/au/en/home/brands/thermo-

scientific/molecular-biology/molecular-biology-learning-center/molecular-

biology-resource-library/thermo-scientific-web-tools/dna-copy-number-

calculator.html), depending on available starting concentration, to a total 

volume of 150 µL with molecular grade H2O, and 250 µL 3M sodium 

bisulphite was added. A negative process control (NPC) of 150 µL 

molecular grade H2O was included in each run. The samples were mixed by 

vortexing and incubated at 95˚C for 15 minutes. Subsequently, 200µL of this 

lysate was purified on the GS-mini with the Sample Processing Pathogens 

A kit (Genetic Signatures Ltd., Sydney, Australia), according to the 

manufacturer's recommendations, eluted in a volume of 50µL. The eluted 

DNA was then diluted in molecular grade H2O in six 10-fold dilution series 

to 0.1 copy/PCR. The SL-RNA assay was tested in singletons for combined 

DNA/RNA detection in the LOD studies. 

The DNA-based PCR reaction was conducted with 10µL SensiFast 

mastermix, 1.3mM MgCl2, 0.3µM of each primer and 0.25µM probe, 2µL 

Leishmania nucleic acid extracted previously according to the methods 

described in the pan-Leishmania assay [16]. Molecular grade water was 

added to a reaction volume of 20µL. PCR cycling conditions were as 

follows: 95˚C for 3 mins; 40 cycles of 55˚C for 10 sec (data collection point); 
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and 60˚C for 10 sec. The combined DNA/RNA-based PCR reactions were 

conducted with 10µL SensiFast mastermix, 1.3mM MgCl2, 0.263µL BioRad 

iScript reverse transcriptase (Hercules, USA), 0.3µM of each primer, and 

0.25µM probe, 2µL Leishmania nucleic acid extracted previously according 

to the methods described in the pan-Leishmania assay [16]. Molecular grade 

water was added to a reaction volume of 20µL. PCR cycling conditions 

were as follows: 42˚C for 10 mins; 95˚C for 3 mins; 40 cycles of 95˚C for 2sec; 

55˚C for 10 sec (data collection point); and 60˚C for 10 sec. A negative 

template control (NTC) of molecular grade H2O was included in each PCR. 

 

4. Results 

4.1 Peripheral blood assay pre-treatments 

The following conditions were excluded due to mechanical failure as a 

result of pellet formation, restricting the pipette head of the instrument from 

aspirating and transferring lysate from the sample tube: Triton X-100 (before 

bisulphite conversion); Triton X-100 (after bisulphite conversion); SDS (before 

bisulphite conversion); Proteinase K (after bisulphite conversion); TCEP (before 

bisulphite conversion); and the ‘no additive’ control condition. Even if the 

mechanical failure occurred in fewer than the total four contrived clinical 

samples, the entire condition was excluded due to the future potential for 

platform error. 

Of the remaining conditions, the endogenous control was detected for all 

samples across all conditions, except for one of the two replicates in one 

condition – SDS (after bisulphite conversion), thus denoted a ‘fail’. Averages of 

the duplicate Ct values were taken, ranging from 26.3Ct to 38.5 (12.2Ct range). 

For the kDNA target amplification, a positive result ‘pass’ was accepted if both 
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duplicate PCR reactions were positive. Across the four contrived clinical 

samples the pass rate, and Ct range was as per Table 4. 
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Table 4. ‘Pass’ rate of the four contrived clinical samples and associated Ct 

value range (no range available if one sample passed) 

Pre-treatment ‘Pass’ 

rate 

Ct range 

SDS post- bisulphite conversion 2/4 38.7-39.3 

ProK pre- bisulphite conversion 1/4 38.9 

SDS + ProK pre- bisulphite conversion 2/4 38.6-39.3 

SDS + ProK post- bisulphite conversion 1/4 39.3 

Sputasol pre- bisulphite conversion 2/4 38.3-38.7 

Sputasol post- bisulphite conversion 2/4 39.4-39.6 

TCEP post- bisulphite conversion 1/4 39.1 
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As a pass rate of at most 2/4 contrived samples occurred across all 

remaining conditions and delayed Cts of between 38.3-39.6 occurred, the 

conversion efficiency was queried. The condition resulting in the lowest 

averaged Ct value, across the four contrived clinical samples was 38.7Cts. For 

1000 cells/mL, lower Ct values within the 32Ct range would be expected, as 

defined in early experimental work (data not shown). Thus, side-by-side 

amplification of bisulphite and non-bisulphite converted assays were run to 

assess bisulphite conversion ratio. The samples that underwent the pre-

treatments that were excluded due to mechanical failure in the previous sample 

set were again excluded from conversion analysis. Of these samples, two 

samples had no detectable bisulphite or non-bisulphite 12S mitochondrial 

DNA, and three samples detected only non-bisulphite converted material (Ct 

range 26.7-47.7), thus were excluded from the conversion ratio analysis. Of the 

remaining samples, three had predominantly bisulphite converted material, 

and 26 samples had predominantly non-bisulphite-converted material (Table 5). 

Figure 4 demonstrates the average difference in Ct value of each pre-treatment 

condition across the four clinical samples and the calculated relative abundance 

on non-bisulphite converted material.  

No amplification was detected in the NPC or the NTC.  
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Table 5. Ct values for each pre-treatment condition for bisulphite-converted and non-bisulphite material using the 12S 

mitochondrial DNA assay, and resultant relative expression 

Sample and pre-treatment condition 
Bisulphite-

converted material 

Non-bisulphite 

converted material 

Ct 

difference 

Relative 

expression 

Sample 1 SDS after bisulphite conversion 33.19 28.76 4.43 21.6 

Sample 1 ProK before bisulphite conversion 26.9 25.37 1.53 2.9 

Sample 1 SDS + ProK before bisulphite conversion 25.68 21.24 4.44 21.7 

Sample 1 SDS + ProK after bisulphite conversion 27.64 26.61 1.03 2.0 

Sample 1 Sputasol before bisulphite conversion 28.99 25.03 3.96 15.6 

Sample 1 Sputasol after bisulphite conversion 27.1 26.87 0.23 1.2 

Sample 1 TCEP after bisulphite conversion 29.88 27.03 2.85 7.2 

Sample 2 SDS after bisulphite conversion 39.11 40.89 -1.78 0.3 

Sample 2 ProK before bisulphite conversion 27.3 28.01 -0.71 0.6 

Sample 2 SDS + ProK before bisulphite conversion 25.5 25.23 0.27 1.2 

Sample 2 SDS + ProK after bisulphite conversion 26.92 27.71 -0.79 0.6 

Sample 2 Sputasol before bisulphite conversion 27.03 24.43 2.6 6.1 
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Sample 2 Sputasol after bisulphite conversion 32.18 25.35 6.83 113.8 

Sample 2 TCEP after bisulphite conversion 37.69 31.07 6.62 98.4 

Sample 3 SDS after bisulphite conversion 37.57 30.71 6.86 116.2 

Sample 3 ProK before bisulphite conversion 26.91 23.11 3.8 13.9 

Sample 3 SDS + ProK before bisulphite conversion 42.47 25.59 16.88 120610.8 

Sample 3 SDS + ProK after bisulphite conversion 28.53 22.86 5.67 50.9 

Sample 3 Sputasol before bisulphite conversion 35.36 24.9 10.46 1408.6 

Sample 3 Sputasol after bisulphite conversion 29.96 24.51 5.45 43.7 

Sample 3 TCEP after bisulphite conversion 32.09 23.55 8.54 372.2 

Sample 4 SDS after bisulphite conversion 29.72 24.63 5.09 34.1 

Sample 4 ProK before bisulphite conversion 25.58 19.23 6.35 81.6 

Sample 4 SDS + ProK before bisulphite conversion 27.53 22.43 5.1 34.3 

Sample 4 SDS + ProK after bisulphite conversion 27.87 21.16 6.71 104.7 

Sample 4 Sputasol before bisulphite conversion 26.03 23.17 2.86 7.3 

Sample 4 Sputasol after bisulphite conversion 30.81 24.94 5.87 58.5 

Sample 4 TCEP after bisulphite conversion 26.44 24.03 2.41 5.3 
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Figure 4. Average difference in Ct values (ΔCt) for each pre-treatment condition 

and calculated relative expression of non-bisulphite material (2ΔCt). A- SDS after 

bisulphite conversion, B- ProK before bisulphite conversion, C- SDS + ProK 

before bisulphite conversion, D- SDS + ProK after bisulphite conversion, E-

Sputasol before bisulphite conversion, F- Sputasol after bisulphite conversion, 

G- TCEP after bisulphite conversion. Error bars represent standard error of the 

difference.
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When calculating the ratio of bisulphite conversion for each pre-treatment 

condition and each sample, an average of 4410-fold more non-bisulphite 

converted material was observed (Table 5). Across all samples, only three 

conditions returned predominantly more bisulphite converted material; 

however, these were all observed in one contrived clinical sample (Sample 2). 

This may indicate that the sample itself was less inhibitory. Of the conditions, 

Proteinase K pre-treatment before bisulphite conversion gave the highest 

conversion rates when averaged across the four samples; however, this method 

still retained 6.7-fold more non-bisulphite converted material (Figure 4). Given 

the incomplete conversion ratios and delayed Ct target results, the target 

capture method was pursued. 

 

4.2 Peripheral blood target capture  

The commercial method for the extraction of L. donovani promastigotes 

spiked into whole blood did not produce any meaningful results for the kDNA 

target gene. The target capture extracted cells were detected to a limit of 

detection (LOD) of 10 cells/mL, whereas the target capture-extracted contrived 

samples were detected to a LOD of 100 cells/mL. No amplification was detected 

in the negative process control or the negative clinical sample. 

The endogenous 12S mitochondrial DNA was not detected in the H2O 

diluted cells but was detected with an average Ct value of 23.1 for the target 

capture-extracted contrived samples and 25.6 for the commercial kit-extracted 

contrived samples. 
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4.3 Viability assay  

RNA was detected in all but two clinical nucleic acid samples and DNA 

in all but one. Sample 63 showed no amplification, in line with the results 

from our previous study [16], thus presumed a true negative and omitted 

from the results. Sample 5 showed no amplification in the "without RT" 

condition, so it was considered erroneous and omitted from the results. The 

amplification curves for Sample 49 are shown, with a lower Ct value 

observed for the “with RT” condition (Figure 5). The Ct values of the 79 

samples screened by the SL-RNA assay, with and without reverse 

transcriptase added, are shown in Table 6 and summarised in Figure 6. The 

ratio between the two Ct values for the positive samples was calculated 

from the "with RT" PCR and the above equation, reflecting the presence and 

amount of surviving DNA. The calculated mean difference in Ct values 

(excluding RNA negative samples) was -0.26Ct values (standard deviation 

±0.34), and the mean DNA presence was 122.8% (±28.1). DNA presence over 

100% indicates no RNA was present, occurring in 64 of the 79 samples 

(Table 6).
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Figure 5. Amplification curves for Sample 49, “with Reverse Transcriptase” 

(blue) and “without Reverse Transcriptase” (red). 
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Table 6. Ct values of the SL-RNA assay for each clinical sample, with and without reverse transcriptase enzyme and calculation of 

DNA percentage. N/A- not detected. 

Sample ID Ct with RT Ct without RT Ct difference % DNA Sample 

ID 

Ct with 

RT  

Ct without 

RT 

Ct 

difference 

% 

DNA 

1 27.24 26.91 -0.33 125.70 41 22 21.58 -0.42 133.79 

2 26.2 26.14 -0.06 104.25 42 23.45 23.19 -0.26 119.75 

3 33.05 32.32 -0.73 165.86 43 25.06 24.47 -0.59 150.52 

4 39.3 38.76 -0.54 145.40 44 31.26 30.7 -0.56 147.43 

6 31.62 31.16 -0.46 137.55 45 23.4 22.93 -0.47 138.51 

7 25.52 25.46 -0.06 104.25 46 27.4 27.22 -0.18 113.29 

8 31.23 31.3 0.07 95.26 47 35.22 35.31 0.09 93.95 

9 26.49 26.13 -0.36 128.34 48 26.82 26.42 -0.4 131.95 

10 31.05 30.97 -0.08 105.70 49 35.78 36.76 0.98 50.70 

11 30.58 29.27 -1.31 247.94 50 23.65 23.67 0.02 98.62 

12 31.34 31 -0.34 126.58 51 32.5 32.06 -0.44 135.66 

13 25.95 25.79 -0.16 111.73 52 36.37 36.42 0.05 96.59 
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14 30.63 29.89 -0.74 167.02 53 31.29 30.84 -0.45 136.60 

15 28.81 28.41 -0.4 131.95 54 28.06 27.65 -0.41 132.87 

16 25.18 25.36 0.18 88.27 55 22.31 21.89 -0.42 133.79 

17 36.36 36.74 0.38 76.84 56 30.49 30.1 -0.39 131.04 

18 28.48 28.3 -0.18 113.29 57 23.02 23.04 0.02 98.62 

19 26.29 26.17 -0.12 108.67 58 25.18 25.18 0 100.00 

20 24.71 24.49 -0.22 116.47 59 28.86 28.39 -0.47 138.51 

21 29.21 28.6 -0.61 152.63 60 28.5 28.43 -0.07 104.97 

22 32.07 32.77 0.7 61.56 61 31.87 31.46 -0.41 132.87 

23 30.55 30.59 0.04 97.27 62 29.78 29.42 -0.36 128.34 

24 33.59 33.03 -0.56 147.43 64 23.85 23.38 -0.47 138.51 

25 24.19 24.05 -0.14 110.19 65 30.1 29.78 -0.32 124.83 

26 27.54 26.96 -0.58 149.48 66 31.02 30.78 -0.24 118.10 

27 24.7 24.24 -0.46 137.55 67 27.68 27.38 -0.3 123.11 

28 33.4 32.9 -0.5 141.42 68 33.99 33.82 -0.17 112.51 

29 22.44 21.86 -0.58 149.48 69 32.86 33.1 0.24 84.67 



 

114 
 

30 26.43 25.95 -0.48 139.47 70 34.11 34.13 0.02 98.62 

31 32.59 32.27 -0.32 124.83 71 33.47 33.18 -0.29 122.26 

32 30.75 30.84 0.09 93.95 72 35.86 35.89 0.03 97.94 

33 33.27 33.22 -0.05 103.53 73 32.47 32.23 -0.24 118.10 

34 26.07 25.29 -0.78 171.71 74 29.75 29.53 -0.22 116.47 

35 31.59 31.23 -0.36 128.34 75 21.08 20.43 -0.65 156.92 

36 32.73 32.53 -0.2 114.87 76 26.1 26 -0.1 107.18 

37 32.55 32.6 0.05 96.59 77 25.66 25.34 -0.32 124.83 

38 31.75 31.34 -0.41 132.87 78 27.94 28.62 0.68 62.42 

39 29.22 28.75 -0.47 138.51 79 27.87 27.49 -0.38 130.13 

40 35.1 34.25 -0.85 180.25 80 24.5 24.06 -0.44 135.66 

     81 24.45 24.34 -0.11 107.92 
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Figure 6. Ct values associated with each sample, of the “With RT” and “Without 

RT” assay results. The “paired” nature of Ct values returned for each sample 

indicates the small Ct difference between the  two conditions, despite the wide 

Ct value range observed.
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In order to determine the LOD, promastigotes from seven Leishmania 

species were used (Table 7). LOD was defined as the lowest dilution in 

which DNA/RNA was detected. LOD differed among Leishmania species, the 

lowest LOD reaching 1 genomic copy/PCR for L. amazonensis, L. donovani, 

and L. tropica. L. major and L. mexicana were detected at 10 genomic 

copies/PCR and L. braziliensis and L. infantum at 100 genomic copies/PCR. 

No amplification was detected in the negative process control or the 

negative clinical sample. 
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Table 7. Ct values of the SL-RNA assay as detected in the LOD study. N/D- not detected 

copies/PCR L. 

amazonensis 

L. 

braziliensis 

L. 

donovani 

L. 

infantum 

L. 

major 

L. 

mexicana 

L. 

tropica 

10,000 25.33 25.54 22.03 26.33 27.36 27.59 24.34 

1,000 28.13 28.66 24.87 29.07 30.02 30.15 26.36 

100 29.03 33.87 28.82 31.33 31.85 35.95 28.35 

10 33.08 N/D 33.09 N/D 38.09 38.66 31.64 

1 38.76 N/D 35.13 N/D N/D N/D 35.28 

0.1 N/D N/D N/D N/D N/D N/D N/D 
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5. Discussion 

Attempts to develop validation of methods for extraction and detection of 

Leishmania promastigote nucleic acid using target capture technology targeting 

the kDNA minicircle gene are described here. This approach used whole 

peripheral blood to simulate clinical samples or molecular grade water 

background, and was compared against a commercial blood extraction kit. Each 

of these methods was coupled with downstream bisulphite conversion and 

real-time PCR detection in the bisulphite-converted form. Target capture is an 

appropriate technology to pursue in challenging samples such as whole blood 

with bisulphite conversion. The method was validated following early 

optimisation work, exploring various pre-treatments applied to peripheral 

whole blood samples. The pre-treatments were applied directly before and after 

the bisulphite conversion step in order to improve detection of the kDNA target 

gene. For many of these pre-treatments, Leishmania cells could not be processed 

in blood due to mechanical failure of the automated platform employed. 

Moreover, where successful pre-treatments were applied, the best-performing 

condition, adding of Dithiothreitol (Sputasol) reagent prior to the bisulphite 

conversion reaction, still resulted in a delayed Ct range of 38.3-38.7Cts when 

detecting 1000 cells/mL. Not only were delayed target Ct values observed, poor 

bisulphite-conversion rates occurred, thus, target capture was explored as an 

alternative nucleic acid extraction method. 

A selection of previous studies utilising peripheral blood for Leishmania 

detection with real-time PCR are listed in Table 8, although these vary whether 

detected from whole blood or separated blood components. Only studies 

targeting human peripheral blood were included. These studies explored the 

extraction of whole peripheral blood, with downstream detection by real-time 

PCR. The studies utilised commercial kits or standard DNA extraction methods 

directly from sample. This study is the first to explore an enrichment  
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Table 8. Selection of clinical studies using various real-time PCR methods to detect Leishmania from peripheral blood in humans.   

Geographical 

region  

Target 

gene 

Type of sample  Assay type  Assay 

chemistry  

Typing  Reference 

Old World  rDNA Blood (whole) Quantitative  Fluorescent 

probe 

No [64] 

Old World/ 

New World  

rDNA Blood (PBMC)/ bone marrow/ 

skin biopsy  

Quantitative  Fluorescent 

probe  

Yes [65] 

New World  kDNA Blood (whole)/ bone marrow/ 

skin biopsy/ sand flies  

Qualitative  Intercalating 

dye  

Yes [66] 

Old World  kDNA Blood(PBMC)/ bone marrow  Quantitative Fluorescent 

probe  

No [67] 

Old World  rDNA Blood (whole)/ bone marrow/ 

lymph node/cutaneous lesion 

aspirates 

Qualitative Fluorescent 

probe  

Yes [68] 

New World kDNA Blood (whole) Quantitative Intercalating 

dye 

No [69] 
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Old World 

Blood  

REPL 

repeats 

(L42486.1)  

Blood (buffy coat) Quantitative  Fluorescent 

probe 

Specific for L. 

infantum and L. 

donovani 

[70] 

New World  kDNA Blood (whole)/ urine  Quantitative  Intercalating 

dye  

No [71] 

Old World/ 

New World 

rDNA  Blood (whole)/ skin biopsy/ 

bone marrow  

Qualitative  Intercalating 

dye 

Yes [72] 

 Old World  REPL 

repeats 

(L42486.1) 

Blood (buffy coat)/ skin  Quantitative  Fluorescent 

probe 

Specific for L. 

infantum and L. 

donovani 

[73] 

Old World G3PD Blood (whole) Quantitative Intercalating 

dye 

Specific for L. 

infantum 

[74] 

Old World ITS1 Blood (buffy coat) Quantitative Intercalating 

dye 

Yes [75] 

PBMC- Peripheral blood mononuclear cells, rDNA- ribosomal DNA, kDNA- kinetoplast DNA, ITS1- internal transcribed spacer 

1, SLACS- splice leader-associated retrotransposons, MAG- MSP-associated gene
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method prior to DNA extraction- in this case, target capture technology. The 

LOD observed in the contrived clinical samples of 100 cells/mL is clinically 

relevant, although other studies report lower LODs with this marker [65, 69, 76, 

77]. When the assay was run with Leishmania cells in a molecular grade water 

background, the detection limit observed was 10 cells/mL, evidencing that the 

inhibitory nature of blood retains a negative effect on the performance. Our 

study aimed to avoid PCR inhibitors found in heparin or citrate-based 

peripheral blood collection tubes by using EDTA collection tubes, nevertheless,  

innate blood components such as haemoglobin and immunoglobulin G have 

been identified as PCR inhibitors[51, 78]. Although the contrived clinical 

samples do not precisely mimic human clinical infection (Leishmania cells reside 

within macrophages), macrophages are osmotically lysed with the addition of 

water, occurring in the initial lysis step of our extraction process. For these 

reasons, further work is required with positive whole peripheral blood samples 

from both symptomatic and asymptomatic patients to assess clinical sensitivity. 

However, this work was not possible during the study period due to 

restrictions from the SARS-CoV-2 pandemic. All clinical sample DNA was 

derived from Leishmania cases imported into Australia from sources such as 

migrants, travellers, and defence force personnel. As international travel and 

migration were restricted and suspended, no new Leishmania-positive cases 

were received during the study period. Nevertheless, this assay indicates 

detection of Leishmania in peripheral blood to an acceptable detection limit, a 

classically challenging sample type for PCR detection. Furthermore, the 

detection system, inclusive of the DNA extraction method utilising target 

capture technology, can fulfill at least the minimal attributes to render the test 

applicable for the end user as identified in the TPP generated. 
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For the viability assay, RNA from Leishmania positive samples was 

considered a better marker than DNA which remains intact for a longer time 

after cell death. RNA is produced by metabolically active cells, and after cell 

death occurs, becomes rapidly unstable and degrades. In this way, its presence, 

when compared directly to DNA presence (which remains intact in the cell after 

cell death), can be utilised as a proxy measure of cell viability. Furthermore, as 

real-time PCR technology is used, quantitation of parasite load can be 

performed and monitored readily over a treatment course [79]. Bisulphite 

technology was incorporated into the assay so as to seamlessly integrate with 

extraction methods utilised in the detection and differentiation assays 

developed previously, appropriate for both DNA and RNA extraction [16]. The 

SL-RNA is highly conserved among all Leishmania species so the increase in 

primer homology after bisulphite conversion will not have a resultant effect on 

species coverage in the assay (Figure 2c). One mismatch was observed in two 

Leishmania species, L. amazonensis and L. mexicana, at position 74. The mismatch, 

however, was able to be designed away from the 3’ end of the reverse primer, a 

position known to be detrimental to PCR priming [80]. These samples were, 

however, originally extracted with reagents and methods developed for DNA 

extraction and stored at a temperature inappropriate for RNA (-20˚C). DNA 

and RNA presence was observed in the stored Leishmania nucleic acid samples, 

albeit in higher proportions than expected, with average DNA presence of 

122.8% (±28.1). DNA presence over 100% indicates no RNA presence and in 15 

of the 79 samples tested. In a recent study, DNA content from freshly extracted 

L. major-positive sandfly extracts was observed at 3.8% (±2.7%), also targeting 

the SL-RNA [56]. This difference in results may be explained by the sub-optimal 

extraction and storage conditions described. Nevertheless, here a potentially 

reliable and useful tool for the detection of viable Leishmania parasites is 

described, as opposed to residual parasite DNA. Furthermore, the extraction 
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process has the potential to be integrated onto cartridge-based automated 

platforms with minimal handling steps, as all reagents can be stored at ambient 

temperatures or 4˚C.  

 

To perform the role of a TOC a diagnostic test would optimally be 

performed one month and six months post-treatment for VL or PKDL. 

Obviously, the limitation of this study described here is the need for 

examination of freshly extracted Leishmania positive clinical samples or 

concurrently cultured promastigotes for full validation. This work was not 

possible during the study period due to restrictions occurring as a result of the 

SARS-CoV-2 pandemic. In terms of the TPP generated, the necessity of the 

reverse transcriptase enzyme for this assay will fall short of achieving desired 

operational characteristics, as this regent requires -20˚C storage, a practical 

challenge in many endemic regions. 

 

Overall, this study presents two real-time PCR assays aimed at addressing 

recently identified diagnostic priorities for the detection of Leishmania parasites 

by the WHO. The detection of Leishmania cells in whole peripheral blood was 

achieved, using the novel combination of target capture and bisulphite 

conversion technologies. Next, a TOC assay, detecting RNA as a measure of cell 

viability was able to present DNA/RNA ratios present in a given sample. Due to 

the need for naturally infected blood samples, and recently obtained clinical 

samples, stored correctly, further work is required for clinical validation of 

these assays.  
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