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Zusammenfassung 

Parasitäre Infektionen sind eine große Bedrohung für die globale Gesundheit. Die 

Forschung konzentriert sich jedoch hauptsächlich auf Parasitenarten mit hoher 

Mortalität und Morbidität, während andere Arten oft übergangen werden. Die 

kontinuierliche Entwicklung molekularbiologischer Technologien hat jedoch dazu 

beigetragen, das Bewusstsein für die tatsächliche Belastung und Verbreitung dieser 

vernachlässigten Parasiten zu schärfen. In diesem Kontext fokussiert sich diese 

Dissertation auf die weitere Untersuchung und Charakterisierung zweier solcher 

Parasiten: Plasmodium malariae und Mansonella sp “DEUX“.  

P. malariae ist der zweithäufigste Malariaparasit, der Menschen in Sub-Sahara Afrika 

infiziert. Die tatsächliche Prävalenz wurde lange Zeit unterschätzt. Zur besseren 

Charakterisierung der genetischen Vielfalt der verschiedenen Genotypen innerhalb 

der P. malariae Parasitenpopulationen, haben wir ein neues Genotypisierungs-Panel 

entwickelt, basierend auf den Markerregionen pmmsp1 F2 und pmtrap. Es ist einfach 

anzuwenden und kann daher gut in endemischen Gebieten eingesetzt werden. 

Innerhalb der untersuchten P. malariae Parasitenproben aus Gabun haben wir mit 

Hilfe der Marker eine hohe genetische Vielfalt detektiert. Außerdem zeigte sich, dass 

P. malariae Infektionen meist aus mehreren Genotypen zusammengesetzt sind und 

somit eine hohe Komplexität aufweisen.  

Ähnlich wie die unterschätzte Genotypen-Vielfalt von P. malariae, ist auch die 

tatsächliche Artenvielfalt und Prävalenz von Mansonella Parasiten bisher nur 

unzureichend beschrieben. In Zentralafrika, einschließlich Gabun, Kamerun und der 

Republik Kongo, sind verschiedene Mansonella Arten bei Primaten und auch 

Menschen bekannt. Jedoch beruhen diese Beschreibungen hauptsächlich auf deren 

Morphologie, da bisher nur wenige, bis keine Nukleotidsequenzen verfügbar sind. 

Kürzlich wurde bei Kindern in Gabun erstmals Mansonella sp “DEUX“ identifiziert. Es 

war jedoch unklar, ob es sich dabei um eine neue Art oder einen Genotypen von 

M. perstans handelt, welche ebenfalls in dieser Region vorkommt. Morphologisch-

mikroskopische Untersuchungen zum Vergleich mit anderen Mansonella Arten wurden 

hierzu bisher nicht durchgeführt. Eine Querschnittsstudie in Gabun ergab eine hohe 

Prävalenz (35%) von Mansonella sp “DEUX“ im Vergleich zu anderen Filarien. Zur 

weiteren Klärung der Systematik innerhalb der Gattung Mansonella haben wir das 
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erste bisher veröffentlichte Referenzgenom für Mansonella sp “DEUX“ erstellt. Der 

Vergleich mit dem Genom von M. perstans zeigt, dass es sich hierbei um zwei 

getrennte Arten handelt, die in Sympatrie vorkommen. Weitere evolutionäre Analysen 

ergaben, dass die beiden Arten sich vor ca. 778.000 Jahren voneinander abgespaltet 

haben.  

Diese Arbeit trägt durch die Verwendung verschiedener genetischer Ansätze zu einer 

besseren Beschreibung der beiden vernachlässigten Arten P. malariae und 

Mansonella sp „DEUX“ bei. Unsere Entwicklung eines Genotypisierungsmarker-

Panels verbessert zum einen das Verständnis der genetischen Vielfalt von P. malariae 

Parasitenpopulation. Außerdem konnten wir nachweisen, dass Mansonella sp “DEUX“ 

eine separate Art ist. Die Verfügbarkeit eines Referenzgenoms wird die weitere 

Erforschung dieser vernachlässigten Parasitenart weiter voranbringen. Beide hier 

vorgestellten Methoden legen die Grundlage für die weitere Erforschung der Parasiten, 

um die Vernachlässigung der beiden Arten zu beenden.   
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Summary 

Despite the major threat that parasitic infections pose to global health, they often 

remain overlooked, particularly those species that do not account for the highest 

mortality and morbidity rates. However, the continuous development of molecular 

technologies has contributed to a growing awareness of the true burden and 

distribution of those neglected parasites. This thesis focuses on further investigating 

and characterizing two such parasites, namely Plasmodium malariae and 

Mansonella sp “DEUX”. 

P. malariae is the second most abundant human malaria parasite in sub-Saharan 

Africa. The true prevalence has long been underestimated. To better characterize the 

genetic diversity of different genotypes within the P. malariae parasite populations we 

have developed a novel genotyping marker panel based on the two marker regions 

pmmsp1 F2 and pmtrap. The panel is easily applicable and can be implemented in 

endemic settings. Using our novel approach, we found a high genetic diversity among 

P. malariae parasites from Gabon. Additionally, we observed that genotype dynamics 

are very high, indicating that daily fluctuations in different genotypes is very common 

for P. malariae. 

Similar to the underestimated genotype diversity of P. malariae, the true species 

diversity and prevalence of Mansonella parasites remains unknown. In the Central 

African Region, including Gabon, Cameroon and the Republic of Congo, different 

Mansonella species are known to infect humans and great apes. However, these 

descriptions are mainly based on morphology, as few nucleotide sequences are 

currently available. Recently, Mansonella sp “DEUX” was identified in Gabonese 

children for the first time, not knowing whether it represents a new species or a 

genotype of the sympatric species Mansonella perstans. Morphological studies have 

not yet been conducted to compare it to other known Mansonella species. 

Furthermore, a high prevalence of Mansonella sp “DEUX” (35%) was reported among 

a cross-sectional study population in Gabon, in comparison to other filariae. To clarify 

the systematics, we have generated the first reference genome for 

Mansonella sp “DEUX”. A comparison to the whole genome of M. perstans, that we 

also generated, confirmed that they are two separate species that occur in sympatry. 

Evolutionary analysis revealed that they separated approximately 778,000 years ago.  
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Using different genetic approaches this thesis has provided a better description of the 

two neglected parasites. With the development of a genotyping marker panel, which is 

based on two marker regions only (pmmsp1 F2 and pmtrap), our results contribute to 

a better understanding of the true diversity of the P. malariae parasite populations. 

Additionally, we could provide evidence that Mansonella sp “DEUX” is a distinct 

species and the generation of a reference genome will support further research on the 

neglected parasite. Both methods presented here can be applied to further samples 

so that the neglect of the two species can be put to an end. 
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Introduction 

1 Neglected parasite species 

Parasitic infections pose a major challenge to global health, affecting humans in 

endemic regions worldwide. Among the numerous parasite species, research and 

intervention strategies consequently focus on those responsible for the highest 

mortality and morbidity. In contrast, less attention is paid to those parasites whose 

prevalence, symptoms and burden have so far been little or not at all described. 

However, the rapid development of molecular technologies in the last decades 

provided a clearer picture of the true diversity and distribution of many of those 

neglected parasites. Given that the actual burden of many species has been 

underestimated so far, a better characterization of their biology and prevalence is 

extremely crucial. Many questions regarding their interaction with the host’s immunity 

and other co-infecting parasite species needs to be clarified. This dissertation focuses 

on two of these neglected parasites, Plasmodium malariae and 

Mansonella sp “DEUX”, investigating and characterizing them on a genetic level in 

more detail.  

 

1.1 Plasmodium malariae 

Malaria remains to be a global health threat, with an estimated 249 million cases and 

608 000 deaths in 2022 worldwide 1. Until recently, the following Plasmodium species 

were known to cause malaria in humans: P. falciparum, P. vivax, P. malariae, P. ovale 

and P. knowlesi. Additional data have now confirmed P. ovale as being two different 

species: P. ovalecurtisi and P. ovalewallikeri 2. Among those six species, P. falciparum 

accounts for the majority of cases and deaths in sub-Saharan Africa 1. Therefore, 

intervention strategies and treatment are mainly directed towards this species. More 

recently P. vivax, which is highly prevalent in Asia and South America, has gained 

more attention. However, most people living in endemic regions are co-infected with 

other Plasmodium species. The second most abundant malaria parasite in sub-

Saharan Africa is P. malariae 3,4. Although a decline in the overall burden of malaria 

has been achieved over the last decades, less attention has been paid to P. malariae 

in these efforts. Continuous improvement and increased accessibility of molecular 
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diagnostics have shown that the prevalence of non-falciparum species and especially 

of P. malariae has been underestimated worldwide 5-8.  

1.1.1 Biology of Plasmodium malariae 

Infections with P. malariae occur worldwide in tropical and subtropical regions, with 

varying prevalences up to 40% in endemic regions 9-12.  

The life cycle of P. malariae parasites is similar to those of the other human 

Plasmodium species. The sporozoites are transmitted through the bite of female 

Anopheles spp. mosquitoes. The parasites migrate to the liver where they develop into 

merozoites which eventually reach the blood stream and invade red blood cells 

(RBCs). These blood-stages massively replicate asexually and lead to a high parasite 

load in the blood stream, causing the clinical malaria symptoms. A small proportion of 

merozoites differentiates into gametocytes, which are ingested by the mosquito upon 

the next blood meal. Sexual reproduction takes place, producing new sporozoites that 

migrate to the mosquitos’ salivary glands and can now be transmitted to the human 

host. Unique characteristics in the P. malariae life cycle include a prolonged pre-

erythrocytic development in the liver, a preference for mature RBCs, a slower growth 

rate in general as well as a prolonged prepatent stage in the human host 13,14.  

P. malariae infections are considered benign and mainly asymptomatic. Low levels of 

parasitaemia allow the parasite to remain undetected in the host for a longer time, in 

comparison to other Plasmodium species that infect humans. Rarely occurring serious 

complications mainly include severe anaemia and renal impairment 15,16. Infections are 

described as rather chronic. However, case reports show that parasites can persist in 

the human host for a long time and recur decades after exposure 17,18. The underlying 

mechanism remains unclear, as hypnozoites, the dormant liver stages described for 

species causing malaria tertiana, are not reported for P. malariae. Overall, the 

described characteristics indicate that the species shows several signs of successful 

adaptation to its host. 

1.1.2 Diagnosis and treatment options of P. malariae infections 

There are three main diagnostic tools, that can be applied to determine the underlying 

species of malaria infections. They include microscopy of thin and thick blood smears, 

detection of circulating malaria antigens in the blood via rapid diagnostic tests (RDTs), 

as well as the detection of nucleic acids from the parasite through molecular methods. 
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Microscopy of thick blood smears determines the underlying parasitaemia of infected 

individuals, whereas the different Plasmodium species can be distinguished via thin 

blood smears. However, the correct identification of P. malariae and other non-

falciparum species requires a certain level of expertise and is less sensitive. RDTs are 

a fast and easy to use diagnostic tool. The targeted parasite antigens are either lactate 

dehydrogenase (LDH), aldolase or P. falciparum histidine-rich protein 2 (HRP2). Most 

RDTs specifically identify P. falciparum (HRP2, PfLDH) and P. vivax (PvLDH). In 

combination with antibodies against pan Plasmodium aldolase, RDTs can also be used 

to distinguish P. falciparum and P. vivax infections from other species, such as 

P. malariae. However, the sensitivity is comparably low and highly heterogenous, 

ranging from no detection to 100% in P. malariae mono-infections depending on the 

applied RDT kit 19,20. The high variation in results is mainly due to the small number of 

samples the results were obtained from. The studies on the detection of P. malariae 

using RDTs have in common, that whenever reported, high parasite densities 

(>5001 parasites/µl) increase the probability of a positive test result. There are no 

RDTs targeting P. malariae specific antigens till date. A more reliable method to 

diagnose P. malariae in terms of specificity and sensitivity is via molecular assays, 

such as conventional polymerase chain reaction (PCR) or quantitative PCR (qPCR). 

The target which is most often amplified in molecular diagnostic assays is the18S 

ribosomal DNA (18S rDNA) gene. It is highly conserved among each species and 

provides a sensitive detection as parasites carry multiple copies of the gene 21. Less 

often, other loci such as cytochrome b oxidase gene (cytb) or cytochrome c oxidase 

subunit 1 (cox1) are used 22-25. 

According to the World Health Organization (WHO), P. malariae infections in endemic 

regions should be treated with either artemisinin combination therapies or chloroquine 

in areas with chloroquine-susceptible infections, similar to P. falciparum infections 26. 

However, data on treatment success and efficacy of different drug combinations on 

P. malariae is scarce. Several studies and case reports have described the existence 

of persisting P. malariae parasites after treatment or chemoprophylaxis 27-29, while 

other studies indicate a high cure rate 30,31. More recent data from in vitro studies 

suggest a different susceptibility profile against some of the tested antimalarial agents 

among the different species 32. Research in this direction is also complicated by the 

fact that P. malariae has not yet been successfully adapted to in vitro culture, 

underscoring the lack of research on this species. 
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1.1.3 Whole genome sequencing of P. malariae and its relatives infecting other 

primates 

The neglect of P. malariae is also reflected in the comparably sparse number of 

available sequencing data. Within the last decades, P. malariae has gained more 

attention, and the publication of a reference genome represents a significant step 

towards a better understanding of the species 33. Subsequently, the publication of a 

selective whole genome amplification approach paved the way for large scale 

population studies on the parasite 34. This method increases the relative amount of 

P. malariae DNA in blood samples. It can be applied directly to unprocessed blood 

from infected individuals, which simplifies the acquisition of further sequencing data.  

Furthermore, the availability of a reference genome helped to clarify the origin of 

P. malariae which according to recent whole genome analysis lays in African apes 35. 

Similar to P. falciparum, the high level of genetic polymorphisms in P. malariae 

indicates that it likely originated from zoonotic transmission of malaria parasite from 

African apes. The authors found two P. malariae-related lineages among gorillas and 

chimpanzees, that represent two separate Plasmodium species. Additionally, they 

could show that P. brasilianum which is infecting New World monkeys falls within the 

radiation of human P. malariae and does not represent a separate species. It is derived 

from a human P. malariae strain, that was imported from Africa to South America.  

These results indicate the importance of further genetic investigations on P. malariae, 

to help answering basic questions on the parasites biology and potential further 

zoonotic transmission. 

 

1.2 Mansonella spp.  

Vector-borne infections with nematodes of the genus Mansonella affect many people 

in Africa and South America. However, there are still no reliable records on the 

prevalence, only outdated projections based on data from 1947 show that more than 

100 million people in Africa might be infected with Mansonella species 36. This indicates 

that the management of the disease and the causative parasites from the genus 

Mansonella has been neglected by health authorities and research 37. The lack of 

comprehensive data hinders our understanding of the true burden of disease on the 

affected population and the public health impact of these parasites. No official large-
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scale vector control programs or treatment campaigns have been implemented, further 

highlighting the need for immediate attention.  

1.2.1 Biology and epidemiology of Mansonella spp. 

Filarial nematodes from the genus Mansonella belong to the Onchocercidae family 

within the superfamily Filarioidae. Phylogenetically Mansonella spp. are closely related 

to other parasitic filariae from the same family, including the genera Brugia, Loa, 

Onchocerca and Wuchereria which cause various forms of filariasis in humans and 

animals. Three Mansonella species are known to infect humans, which vary in their 

geographic distribution. While M. perstans is endemic in Africa 38-40 as well as Central 

and South America 41, M. ozzardi is prevalent only in Central and South America 42,43, 

and lastly M. streptocerca is limited to West and Central Africa 44-46. Infections are 

transmitted through the bite of blood sucking female biting midges from the genus 

Culicoides (M. perstans 47,48, M. ozzardi 49 and M. streptocerca 50) or blackflies from 

the genus Simuliidae (M. ozzardi) 51. Thereby, infective larvae are introduced into the 

human host, where they develop into adult nematodes which produce unsheathed 

microfilariae. Depending on the species, the adults and their offspring can be found in 

different areas of the body. Adult worms of M. perstans reside in the body cavities, 

such as peritoneal or pleural cavity and release the microfilariae into the peripheral 

circulation. Whereas M. ozzardi adult worms are found in subcutaneous tissues and 

their offspring can be found in the blood stream as well. Other than these two so-called 

blood-dwelling species, the adult worms of the skin-dwelling species M. streptocerca 

are found in the dermis and the microfilariae reside in the skin. 

Infections are usually diagnosed via microscopy or molecular assays through the 

detection of circulating microfilariae in the blood or skin, depending on the species. 

Molecular diagnosis through conventional PCR, qPCR or loop-mediated isothermal 

amplification (LAMP) is mainly used to differentiate the species from each other and to 

determine the parasitic load 52. The main target regions for amplification include the 

conserved nuclear internal transcribed spacer 1 (ITS1) region, 18S rRNA and several 

mitochondrial genes, such as 12S, cox1 or 5.8 rRNA 38,39,53.  

Although Mansonella infections are highly prevalent and widely distributed, the clinical 

picture as well as the burden of disease are poorly defined. Infections are usually 

described as either mild or mainly asymptomatic. Nonspecific symptoms that have 
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been associated with an infection of Mansonella spp. include eosinophilia, pruritus, 

urticaria, and abdominal pain 46,54. Standard anthelmintic treatments showing efficacy 

against Mansonella spp. either in combination or alone include mebendazole, 

diethylcarbamazine (DEC), and ivermectin 55-57. However, clear treatment 

recommendations or guidelines for mansonellosis are still lacking. Therefore, it is of 

great importance to further investigate the severity of Mansonella infections and 

determine if they have a potential impact on other co-infections or the host’s immune 

response.  

1.2.2 Mansonella species diversity 

In addition to the three species that infect humans, a potential new Mansonella species 

was detected in 2015 in the blood of febrile children in Gabon and provisionally called 

Mansonella sp “DEUX” 58. Based on sequencing data from the ITS1 region, a highly 

conserved region in nematodes, it differs from M. perstans. Further investigations on 

the epidemiology of Mansonella spp. in Gabon revealed that it is highly prevalent. A 

cross-sectional study with 834 individuals from rural areas in Lambaréné and 

surrounding villages revealed that Mansonella sp “DEUX” was the most abundant 

blood-dwelling filaria species with a prevalence of 35%, next to Loa loa (32%) and 

M. perstans (9%) 38. A detailed morphological description of the potential new species 

is lacking, as is prevalence data from other countries or regions. Based on in silico 

analysis, it was also shown that Mansonella sp “DEUX” could not be detected with any 

M. perstans specific molecular assays that were published by 29th of February 2020 38. 

1.2.3 Mansonella spp. and their endosymbiont Wolbachia 

Most filarial species, such as Onchocerca volvulus, Wuchereria bancrofti and Brugia 

malayi, are known to carry the intracellular bacteria Wolbachia 59-61. The endosymbiont 

seems to be essential for the survival and reproduction of the nematodes 62-64. 

Therefore, it poses a potential treatment strategy. Whether or not Wolbachia are 

present in M. perstans was unclear for a long time, however the improved sensitivity 

of molecular assays helped to confirm their presence 65,66. Also, the successful 

treatment of infections with antibiotics further indicated that M. perstans belongs to the 

nematodes carrying the endosymbiont 67-69. M. ozzardi is also known to carry 

Wolbachia and only recently, Wolbachia were also found in Mansonella sp “DEUX” 

mono-infections 38,70. In general, Wolbachia are classified into different supergroups, 
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which differ depending on the host. Interestingly, the three Mansonella species carry 

Wolbachia from the supergroup F, which they share with no other nematode but only 

arthropod host 38,71. Other filarial Wolbachia fall into supergroups C, D or J, which 

include only nematode symbionts 72,73.  

 

 

2 Different molecular techniques provide answers to parasite 

species and genotype diversity 

According to the biological species concept, a species is a group of interbreeding 

individuals that produce fertile offspring 74. Different species share a certain percentage 

of their genomes. Depending on the time that has passed since the speciation event, 

the genetic distance between the two newly evolved species differs. Genetic distance 

can either be related to different loci, genes or the whole genome. A genotype on the 

other hand can be attributed to one individual from the same species that is genetically 

distinct. The genetic similarity between different genotypes is much higher than 

between species. By genotyping a genetic fingerprint can be created and individual 

genotypes can be distinguished from one another. 

In endemic regions, individuals are often co-infected with several species from the 

same genus, this is the case for infections with Plasmodium spp. as well as 

Mansonella spp 5,38,75. Additionally, they can carry multiple genotypes from the same 

species at the same time. There are various molecular techniques and assays to 

investigate genetic diversity at both species and genotype level. The different 

Plasmodium species are often diagnosed based on the 18S rRNA locus, which is well 

known to be highly polymorphic between the different species but highly conserved 

among each species 21,76,77. The same applies to the ITS1 region in filaria, which is 

why this locus is commonly used to differentiate Mansonella species 38,53.  

 

In the following, a brief overview of the molecular techniques is given to better 

understand which genetic approaches were used for the genetic characterisation of 

P. malariae and Mansonella sp “DEUX” within this dissertation and why they were 

chosen.  
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2.1 Size polymorphic regions 

The usage of size polymorphic markers is a well-established tool in epidemiological 

studies to differentiate single genotypes. Marker regions typically include 

microsatellites or size polymorphic regions with insertion and deletion sites (indels) of 

various lengths. Microsatellites are short repetitive sequences that are widely 

distributed across the genome and comprise tandem repeats of 2-6 bp. The different 

number of repeat units leads to genetic diversity. Regions are amplified via 

conventional PCR, followed by size determination using agarose gel or capillary 

electrophoresis. The approaches are easy to implement in different settings and have 

a high throughput.  

As of the high level of polymorphism within species, markers amplifying regions that 

vary in size are not used to discriminate between species.  

 

2.2 Single nucleotide polymorphisms (SNPs) 

Differences among genotypes or species can also be present in the form of sequence 

polymorphisms. Single nucleotide polymorphisms (SNPs) represent a change of one 

single nucleotide at a specific position. They appear highly concentrated at 

polymorphic loci of up to 500 bp. At the same time, they occur separately distributed 

throughout the genome. Depending on the target different approaches for SNP typing 

are available. SNPs can either be targeted separately using a SNP-barcode 78,79 or 

amplicons with a high abundance of SNPs can be targeted using amplicon sequencing 

80,81. Both approached will be further addressed in the following.  

2.2.1 SNP barcodes  

SNPs that occur at different loci throughout the genome can be targeted via qPCR 

using a SNP-barcode approach 78,79. Each targeted locus comprises one SNP 82. 

Large-scale SNP-typing allows a higher throughput by using SNP panels. Although 

DNA input is much lower, advanced equipment and expertise in analysis are needed. 

Another disadvantage is that in the case of infections with multiple genotypes, it is not 

possible to identify separate genotypes from the SNP pattern. Therefore, SNP 

barcoding approaches are more suited to genotype samples that are infected with one 
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single genotype. However, especially for infectious diseases as malaria this is often 

not the case. 

2.2.2 Amplicon sequencing of SNP-rich loci 

Amplicon sequencing (AmpSeq) is a more suitable method for the detection of multiple 

genotypes within one infection. In this approach specific regions with a high abundance 

of SNPs within a certain locus of up to 500 bp are amplified via conventional PCR, 

followed by deep sequencing. The deep sequencing technique refers to the 

sequencing of a genomic region at high coverages. Other than the classic Sanger 

sequencing approaches, this next-generation sequencing approach allows for the 

detection of multiple genotypes, including those at low frequencies 81. At the same 

time, the sensitivity advantage of AmpSeq over other genotyping methods comes with 

the challenge to distinguish true minor genotypes from PCR or sequencing errors. 

Therefore, quality checks based on replicates and appropriate analysis pipelines need 

to be included and considered.  

 

2.3 Whole genome sequencing 

The most detailed characterization of parasite species and genotypes can be obtained 

from whole genome sequencing data. While amplicon sequencing targets a specific 

region and allows for a more in-depth investigation of the region (deep sequencing), 

whole genome sequencing (WGS) is covering the entire genome of an organism. 

Comparison of whole genomes is typically being used to determine and differentiate 

between distinct species. WGS is also widely in use to investigate population genetics 

in general and drug resistance. More recently, pipelines have been developed to 

estimate the presence and number of multiple P. falciparum genotypes within the same 

host 83,84. Other Plasmodium species as well as other parasites will benefit from such 

developments in the future. 

When investigating human blood samples from infected individuals, WGS is always 

affected by the high abundance of human DNA in the samples. This can be overcome 

by the respective treatment of the samples prior to sequencing, such as leucocyte 

depletion or selective whole genome amplification 85,86.  
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To conclude, it is very important to choose the appropriate genotyping approach for 

the underlying research question. Therefore, the latest methodologies and the resulting 

findings on genotype and species diversity of the two parasites of interest, P. malariae 

and Mansonella sp “DEUX”, will be described and evaluated in the following chapter.  

 

 

3 Current knowledge on P. malariae genotype diversity and 

Mansonella species diversity 

3.1 Genotyping in Plasmodium spp. 

Genotyping is a powerful tool in malaria research, helping to understand parasite 

diversity and dynamics. Plasmodium blood stages are haploid, therefore each distinct 

allele that is detected at a certain timepoint can be attributed to a distinct genotype.  

The application of polymorphic genotyping markers allows to identify the number of co-

infecting genotypes at the same time, referring to the multiplicity of infection (MOI), and 

the genetic diversity of the parasite population can be investigated as well. Genotyping 

markers can be applied to follow a single genotype throughout the course of an 

infection or to investigate recurrent parasitaemia in malaria patients after antimalarial 

treatment. Parasites recurring after treatment can be attributed to a reinfection, 

relapse, or recrudescence 87. A reinfection is caused by a new genotype, transmitted 

by a new mosquito bite. Relapses originate from so-called hypnozoites, reactivated 

dormant liver forms, that are only known to occur in P. vivax, and potentially also in 

P. ovalecurtisi and P. ovalewallikeri 88-90. Whereas a recrudescent infection arises from 

previously undetectably persisting blood stages that replicate again and thus exceed 

the threshold of detection. The main explanation for recrudescence is due to 

unsuccessful or incomplete antimalarial treatment, allowing the survival of a small 

number of parasites. Clinically there is no possibility to distinguish between recurring 

parasites. Therefore, in clinical trials, conducted in endemic areas where natural 

infections can occur during the study period, genotyping markers are used to determine 

drug efficacy, by comparing genetic markers before and after drug administration. 
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The firstly described genotyping markers for P. falciparum are based on size 

polymorphisms in the P. falciparum merozoite surface proteins (pfmsp) 1 and 2 and 

P. falciparum glutamine rich protein (pfglurp) genes 91. Since then, many other 

protocols have been reported, targeting microsatellites and other size polymorphic 

regions. However, pfmsp1, pfmsp2 and pfglurp typing continues to be the most 

commonly used method, as until recently all three markers were recommended by the 

WHO to identify recrudescence in clinical trials. In 2021 the WHO changed their 

recommendations to pfglurp being replaced by a microsatellite, as it has a higher 

discriminatory power 87. Relapse in P. vivax is currently assessed using the 

polymorphic markers P. vivax circumsporozoite protein (pvcsp) and pvmsp1 92. 

Regarding other non-falciparum species few approaches have been described so far. 

For P. ovalewallikeri, a set of 8 microsatellite markers has been developed to 

investigate relapse patterns for the species 89. The size polymorphic locus tryptophan-

rich antigen (potra) has been found to be a suitable target for both, P. ovalewallikeri 

and P. ovalecurtisi genotyping 93. Two P. knowlesi genotyping approaches have been 

published, one is based on the msp1 gene, while the other is based on a microsatellite 

approach 94,95.  

Similar to other non-falciparum species, the genotyping of P. malariae has made little 

progress to date. Therefore, findings from genotyping approaches that are already in 

use for other Plasmodium species can serve as a valuable reference point.  

3.1.1 P. malariae genotype diversity 

Two genotyping approaches have been described previously for P. malariae 96,97. Both 

are based on microsatellite markers and indicate a high level of genetic diversity in the 

investigated P. malariae populations. Other genes have been investigated additionally 

regarding their variability. Based on the highly polymorphic character of the msp1 gene 

in P. falciparum and P. vivax, the gene was further investigated in P. malariae 98-100. A 

high level of similarity in the structural organization of the gene was found across 

Plasmodium species. The pmmsp1 locus contains different blocks that vary in their 

level of genetic diversity. Conserved and variable blocks are organized alternately 

within the gene, whereby P. malariae msp1 block II towards the 5’-end is of specific 

note, as it is characterized by short indels 100. Other genes include P. malariae 

thrombospondin-related anonymous protein (pmtrap), 18S rRNA and P. malariae 

apical membrane antigen (pmama1) 101,102. 18S and pmama1 display a high level of 
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nucleotide diversity among the respective P. malariae populations. On the other hand, 

pmtrap varies in fragment size due to differences in the number of repeat units, which 

is similar to pmmsp1 block II 100,102. 

As more recent data is showing, the true prevalence of P. malariae has been clearly 

underestimated so far 6,7. Therefore, it is of great importance to have further molecular 

tools that can be implemented easily in many different settings, providing further 

urgently needed data on the genetic diversity of P. malariae.  

 

3.2 Mansonella species diversity 

The genus Mansonella is part of the Onchocercidae family. Only recently the 

phylogeny of the family was divided into five strongly supported clades, based on 

seven mitochondrial and nuclear loci. Mansonella was grouped into one clade with 

other human filariae from the genus Loa, Wuchereria and Brugia 103. Other 

phylogenetic investigations with Mansonella samples from humans and great apes 

from Gabon and Cameroon are based on the mitochondrial genes 12S rDNA and 

cytochrome c oxidase subunit 1 (cox1) 104. These results suggest that the genus is 

more diverse than previously thought and that M. perstans has the potential for 

zoonotic transmission. Similar findings come from skin biopsies from Gabonese 

individuals, that were infected with microfilariae from the great ape infecting species 

M. rodhaini 105. Based on morphology the following additional species have been 

described to infect great apes: M. vanhoofi, M. gorilla, M. leopoldi and M. loopensis 106-

109. However, till date there are no sequences available for any of the here listed 

species. More insights on the ape-infecting species will help clarifying the risk of further 

zoonotic transmission. 

Whether or not Mansonella sp “DEUX” is truly a distinct species or only a genotype of 

M. perstans needs to be proven. Also, the question remains if it corresponds to any 

ape-related Mansonella species. Although more attention has recently been drawn to 

the neglected filarial species and the database is growing 110, the lack of sequencing 

data continues to complicate research on Mansonella. 
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Objectives 

Neglected parasite species lack a proper description of their biology. In the era of 

elimination of infectious diseases, these so far understudied parasites will play a more 

important role. Therefore, further characterisation of their prevalence, population 

structure and diversity is urgently needed. This work focuses on the two parasites 

Plasmodium malariae and Mansonella sp “DEUX”. For the first one, easily applicable 

genotyping tools are needed to investigate the species heterogeneity and longevity. 

Mansonella sp “DEUX”, although being recently reported at high prevalence in Gabon, 

still needs to be confirmed as distinct species from other endemic Mansonella species. 

To conclude this dissertation investigates P. malariae on a genotype level, while in 

contrast Mansonella sp “DEUX” is investigated on a species level.  

 

The objectives presented in this dissertation are as follows: 

 

1. Establishment of a P. malariae genotyping panel with the smallest possible 

number of markers involved, based on size polymorphic regions. 

2. Application of the P. malariae genotyping panel on a large sample set from 

Gabon, to investigate P. malariae parasite populations and to analyse the 

dynamics and complexity of P. malariae infections. 

3. Generation and description of whole genomes for Mansonella sp “DEUX and 

M. perstans, to confirm that Mansonella sp “DEUX” is a separate and sympatric 

species from M. perstans. 

4. In silico analysis of Mansonella sp “DEUX” sequences regarding different non-

human primates as potential zoonotic hosts.  
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Results 

The results of the published work included in this doctoral thesis are summarized 

separately in the following. 

 

Publication 1 

Genetic Diversity of Plasmodium malariae in Sub-Saharan Africa: A Two-Marker 

Genotyping Approach for Molecular Epidemiological Studies 

Rodi M, Kawecka K, Stephan L, Berner L, Medina MS, Lalremruata A, Woldearegai 

TG, Matsiegui PB, Groger M, Manego RZ, Ekoka Mbassi D, Mombo-Ngoma G, 

Agnandji ST, Ramharter M, Mordmüller B, Inoue J and Held J. Genetic diversity of 

Plasmodium malariae in sub-Saharan Africa: a two-marker genotyping approach for 

molecular epidemiological studies. Front. Cell. Infect. Microbiol. 2024 Jul 19; 

14:1405198. doi: 10.3389/fcimb.2024.1405198 

 

Here, we established a genotyping panel for P. malariae using size-polymorphic 

genotyping markers that can be easily used in epidemiological studies. 

We assessed the following four polymorphic loci, two microsatellites (Pm02 and 

Pm09), as well as P. malariae thrombospondin-related anonymous protein (pmtrap), 

and P. malariae merozoite surface protein 1 fragment 2 (pmmsp1 F2). We optimized 

the workflow for the four regions by using a nested PCR approach for the amplification 

and automated capillary gel electrophoresis for the analysis of the amplicons. Diversity 

was confirmed on a set of 95 P. malariae samples from Gabon, a malaria endemic 

country in sub-Saharan Africa. Dynamics and complexity of infections were analysed 

on samples from 21 asymptomatic individuals that were followed up for one week on 

a tight schedule. 

We observed the best performance in terms of allelic diversity for pmtrap, with a 

multiplicity of infection of 1.61 and pmmsp1 F2, with an expected heterozygosity (He) 

of 0.81. The performance of the microsatellite Pm02 was comparably well, with a mean 

MOI of 1.55 and a He of 0.68. The other microsatellite Pm09 on the other hand showed 
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the lowest genetic diversity, with the lowest mean MOI of 1.19 and the lowest He of 

0.56. The agreement between the amplicon size analysed using automated capillary 

gel electrophoresis and the results from Sanger sequencing was very high, with 

maximum deviations of 21 bp for pmmsp1 F2. Comparing the generated sequences to 

the database, we found three new P. malariae genotypes for pmtrap and pmmsp1 F2 

each among our central African samples. The combination of the markers pmtrap and 

pmmsp1 F2 resulted in the best discriminative power, which is why we chose these 

two markers as a genotyping marker panel for P. malariae.  

When applying the two markers to another set of 21 P. malariae positive individuals 

monitored over one week, we found a high level of consistency in their performance. 

These results highlight the complex nature and fluctuations of P. malariae infections in 

the asymptomatic study population from Gabon.  

 

 

Publication 2 

Whole genome analysis of two sympatric human Mansonella: Mansonella 

perstans and Mansonella sp “DEUX” 

Rodi M*, Gross C*, Sandri TL, Berner L, Marcet-Houben M, Kocak E, Pogoda M, 

Casadei N, Köhler C, Kreidenweiss A, Agnandji ST, Gabaldón T, Ossowski S, Held J. 

Whole genome analysis of two sympatric human Mansonella: Mansonella perstans 

and Mansonella sp "DEUX". Front. Cell. Infect. Microbiol. 2023 Apr 14; 13:1159814. 

doi: 10.3389/fcimb.2023.1159814 

*shared first authorship 

 

In this work we generated the first whole genome of Mansonella sp “DEUX” and 

compared it to the whole genome of M. perstans. Based on this we investigated 

whether these are two sympatric species or if Mansonella sp “DEUX” is a genotype of 

M. perstans.  



 

16 

For this purpose, we screened individuals in the area of Fougamou, Gabon to identify 

Mansonella mono-infections and generated de novo assemblies on the corresponding 

samples. We reconstructed a phylogenetic tree from the concatenated alignments of 

the newly generated alignments, as well as 12 other nematode species. Also, 

divergence times of the two potential sympatric species Mansonella sp “DEUX” and 

M. perstans were calculated. Phylogenies based on cox1 and 12S rDNA were 

generated from the respective mitogenomes and compared to published sequences 

originating from humans and great apes that were collected in Gabon and the 

neighbouring country Cameroon.  

We successfully generated two whole genomes for Mansonella sp “DEUX” and one for 

M. perstans from mono-infected individuals, respectively. All three assemblies are 

similar in GC content and genome size to closely related filaria species. Phylogenetic 

analysis using annotated protein sequences support the classification of 

Mansonella sp “DEUX” and M. perstans into two different species. The genetic 

divergence we found is comparable to that of other established filaria species. The 

calculated divergence time for the two species is estimated at 778,000 years. To be 

able to better categorize the time span, it is useful to know that the closest Brugia 

species separated around 1.6 MyA ago and Onchocerca species separated around 

1.8 MyA ago.  

The results obtained from the mitochondrial marker genes cox1 and 12S rDNA confirm 

the finding of two sympatric Mansonella species. Additionally, the analysis showed that 

published sequences obtained from great apes align to our Mansonella sp “DEUX” 

sequences. From this finding we conclude that Mansonella sp “DEUX” infections are 

not limited to the human host and that non-human primates serve as a zoonotic 

reservoir for this species.  
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Discussion 

Infections with Plasmodium malariae and Mansonella sp “DEUX” are widely spread yet 

neglected. Prevalences are underestimated worldwide as infections are often not 

detected due to their asymptomatic course but also because symptoms are not 

properly described.  

In recent years, both parasite species have benefited considerably from advances in 

molecular technologies. More sensitive and accurate approaches have shown that the 

true burden of P. malariae as well as Mansonella sp “DEUX” infections has been 

greatly underestimated 5,6,38. While the focus for P. malariae within this thesis is set on 

genotyping within the species, the research on Mansonella infections is still at an 

earlier stage of systematic classification. It must first be determined whether 

Mansonella sp “DEUX” is a distinct species or a genotype of Mansonella perstans.  

In order to address this, different molecular approaches were applied within the scope 

of this doctoral thesis. The results will be further discussed in this last part and the 

suitability of the two approaches will be evaluated.  

 

Novel P. malariae genotyping marker panel 

Plasmodium parasite population structures appear to vary among the different species. 

Several genotyping approaches have already been applied to samples from malaria 

endemic regions worldwide to better understand the epidemiology of the different 

Plasmodium spp. Insights into genetic diversity suggest that P. vivax populations are 

more diverse and less structured than those of P. falciparum, while P. malariae 

populations exhibit lower diversity compared to P. falciparum in the investigated 

populations 111,112. These findings suggest that P. vivax is a more ancient species than 

P. falciparum, which might be less susceptible to evolutionary bottleneck events. It is 

further hypothesized that the differences in genetic diversity between P. malariae and 

P. falciparum are related to variations in their transmission efficiencies. To shed more 

light on the genetic diversity of P. malariae parasites, we established a P. malariae 

genotyping panel, comprising of only two highly discriminatory markers. 

We assessed four marker regions regarding their potential to display genetic diversity: 

P. malariae merozoite surface protein 1 gene fragment 2 (pmmsp1 F2), P. malariae 
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thrombospondin-related anonymous protein (pmtrap), as well as the two microsatellite 

regions Pm02 and Pm09. The genetic diversity of the four potential markers was 

investigated in 95 samples from P. malariae infected individuals from Gabon. The 

highest diversity in terms of highest mean multiplicity of infection (MOI) was displayed 

by pmtrap (1.61), and by pmmsp1 F2 in terms of expected heterozygosity (0.81). These 

results are in line with published data on P. malariae genotyping of other loci 96,97. While 

pmtrap can very well reflect the multiplicity of P. malariae infections, pmmsp1 F2 can 

detect a large range of different P. malariae genotypes, which in combination results 

in a powerful marker panel.  

When using size polymorphic molecular markers in general, the determination of the 

exact amplicon length is crucial. Traditionally agarose gel electrophoresis is used in 

many genotyping approaches. However, the low resolution of the method can lead to 

an underestimation of the true multiplicity of an infection. The two previously published 

marker panels for P. malariae are based on microsatellites containing repeat units 

between 3 – 17 bp 96,97. An underestimation of the genotype diversity is particularly 

pronounced for microsatellites with a small repeat unit of maximum 6 bp. The low 

resolution can be overcome by using more precise methods, which include automated 

capillary gel electrophoresis, that provides a resolution of up to 3 bp according to the 

manufacturer. Therefore, we selected this method for our genotyping approach and 

validated it by additionally sequencing 10 samples infected with one genotype only. 

The consistency between the amplicon sizes measured using automated capillary gel 

electrophoresis and sequencing varied between the four markers. It ranged from a 

maximum deviation of 6 bp using pmtrap to 21 bp using pmmsp1 F2. The higher 

discrepancy can be explained by the lower resolution (20 bp) of the analysis method 

that had to be used for pmmsp1 F2, since the allele size range was bigger (92 – 694 bp) 

than for the other three marker regions. Findings from genotyping of other pathogens 

like Mycobacterium tuberculosis strains showed an increasing inaccuracy when sizing 

longer amplicons which is in line with our findings 113. Yet, the mean deviation for the 

other three markers ranged between 3.6 – 4.3 bp only, which lies within the resolution 

of the analysis method (2-5 bp). Our results are in line with findings from genotyping of 

P. vivax microsatellites, where small deviations between automated capillary gel 

electrophoresis and Sanger sequencing were seen as well 114. 
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Overall, sequencing confirmed that variations in amplicon lengths resulted from 

differences in the number of repeat units for Pm02, Pm09 and pmtrap. The repeat units 

correlate to the motifs that were already reported 96,102, yet two new motifs of 17 bp 

and 8 bp were found for Pm09 respectively, we well as another 6 bp motif for Pm02. 

For pmmsp1 F2 the differences originate from sequences of differing sizes without a 

clear repeat unit motif, as reported previously 97.  

Another limitation of size polymorphic markers is the preferential amplification of 

smaller amplicons in mixed genotype infections. This is a general PCR effect and has 

also been described in P. falciparum genotyping of the msp1 locus before, resulting in 

the underestimation of the multiplicity 115. Indeed, our initial results suggest a similar 

bias for the pmmsp1 F2 marker, as we observed a higher frequency of small amplicons 

and an overall lower MOI in comparison to the other three markers. However, a more 

detailed analysis, did not reveal any evidence of preferential amplification for the 

pmmsp1 F2 locus. We tested the hypothesis using only two mock samples, that we 

prepared from original samples that were mono-infected with a single genotype only, 

either small or big. This might not be sufficient to find the effect in the pmmsp1 F2 

marker and further investigation is required.  

Overall, the genetic diversity was high in our investigated P. malariae parasite 

population from Gabon. Samples were derived from a cross-sectional study, showing 

that individuals living in the study area of Lambaréné, Gabon, are exposed to a large 

variety of P. malariae genotypes. A comparison of our dataset to other P. malariae 

studies is challenging, as information on the genetic diversity of P. malariae is generally 

scarce. In a study from 2007, a first P. malariae genotyping marker set based on 

microsatellites was published. They reported a lower number of P. malariae genotypes 

in samples from symptomatic individuals from Thailand, a country with low endemicity, 

than in samples from asymptomatic individuals from Malawi, which in contrast is known 

to be a high malaria transmission area 96. The same genotyping markers found no 

change in the MOI with increased transmission, when comparing two different sample 

sets from Malawi with seasonal and perennial transmission, respectively 111. A second 

P. malariae marker set, based on microsatellites as well as the pmmsp1 gene, 

screening symptomatic individuals from Myanmar, a country with low transmission, 

resulted in comparable diversity 97.  
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When comparing the diversity of these previously published sample sets with our data, 

it must be considered that the differing parameters between the sample sets might bias 

the results and lead to false interpretations of the influence of MOI on transmission 

dynamics in P. malariae. Both dataset that we investigated are from the same 

geographical region (Lambaréné and surrounding villages, Gabon). The first dataset 

is from a cross-sectional study, consisting of asymptomatic as well as mildly 

symptomatic individuals, while the second sample set consists of a highly preselected 

population with microscopically detectable P. falciparum infections, but no reported 

symptoms. The high number of circulating genotypes in the second sample set is 

surprisingly high and in line with the findings from Bruce et al. from his dataset from 

Malawi 96. Other influencing factors, such as co-infecting Plasmodium species, the 

sampling period or the sample size must also be considered. However, a larger 

database, as available for P. falciparum and P. vivax, could help to identify potential 

trends and correlations. Therefore, it is important to generate further P. malariae 

genotyping data from different regions.  

Studies on P. falciparum and P. vivax suggest that the MOI can serve as an indicator 

for the transmission intensity, whereby the MOI is reported to be higher in areas with 

high malaria transmission compared to those with low transmission 116-118. However, 

the influence of the MOI on the clinical status of infected P. falciparum individuals 

remains inconsistent. While some studies report a higher MOI in severe malaria cases 

119-121, others suggest that a high MOI might have a protective effect and is associated 

with asymptomatic cases 122-124. Yet, these observations regarding the relationship 

between MOI and parameters such as transmission intensity and clinical status in 

P. falciparum might not apply directly to P. malariae because of differences in their 

biology and epidemiology. 

We further evaluated to what extent the genetic diversity, that we detected in the 

investigated P. malariae population, can consistently be observed, using a sample set 

where participants were followed up tightly over one week. P. malariae genotypes were 

identified with high consistency throughout the follow-up period. From a 

methodological point of view the results indicate a very high effectiveness of our 

chosen marker panel. In addition, we can derive various biological aspects of 

P. malariae from these results. 

Firstly, we see a high level of genotype dynamics overall. While some show many 

fluctuations throughout the sampling period, others are constantly detected at all 
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timepoints. So far, no other data is available on the dynamics of P. malariae genotypes 

in the human host. The investigated individuals are parasitaemic but asymptomatic. 

Comparable studies have already been performed on P. falciparum using the markers 

pfmsp1, pfmsp2 and pfglurp, where asymptomatic populations showed similar hourly 

and daily dynamics of certain genotypes 125-127.  

Due to the tight follow-up period, our sample set is well suited to potentially detect the 

72 h periodicity of P. malariae as described in literature 13,128. This periodicity is the 

reason for the clinical term malaria quartana. However, data on the 72 h paroxysms 

remain inconclusive. In our study, we did not observe any pattern in the appearance of 

genotypes. Our results are in line with daily records of P. malariae parasitaemia, which 

also showed no peaks in parasite density every third day – corresponding to the 72 h 

cycle 129. Additional data is needed to further clarify our understanding of the this 

periodicity; for example, whether it only exists in new infections that are synchronous, 

and is absent in chronic infections.  

Finally, our results show that relying on a single sampling timepoint for genotyping 

P. malariae may be insufficient. Though we detected different genotypes with a high 

consistency of both markers over time, we also observed fluctuations in minor 

genotypes within the same individuals. This may also partially reflect methodological 

factors, such as amplicon competition in PCR or sensitivity issues. Yet, this can lead 

to misinterpretation of genotype numbers and could impact especially drug efficacy 

studies. Our results reinforce the importance of serial sampling, as highlighted already 

in several studies on P. falciparum genotyping 130-132. 

 

Two distinct and sympatric Mansonella species  

The diversity of different Mansonella species has not yet been well investigated, 

though the parasites are highly prevalent throughout sub-Saharan Africa and South 

America. Therefore, we have generated whole genomes from Mansonella perstans 

and Mansonella sp “DEUX” from microfilariae from infected individuals from Gabon. 

Our findings will support further epidemiological studies on filariae since our data 

supports the hypothesis of Mansonella sp “DEUX” being a distinct species, providing 

reference genomes for both species.  
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The de novo assemblies for both species are of high quality and nearly complete, which 

is indicated by the high coverage, and N50 values and BUSCO scores above 90%. 

Both metrics are indicators of the quality and completeness of whole genome 

assemblies. Also, our assemblies are comparable in size and GC (guanine-cytosine) 

content to other human filarial species. Phylogenetic analysis which is based on the 

concatenated protein alignments and includes 12 other nematode species, suggests 

that Mansonella sp “DEUX” and M. perstans are two distinct species that occur in 

sympatry. Further evolutionary analysis indicate that the species have diverged 

778,000 years ago. Additionally, our results are in line with the current classification of 

filarial nematodes into five strongly supported clades 103. This classification groups the 

different Mansonella species together with the families of Loa, Wuchereria and Brugia 

into the so-called ONC5 clade. As expected, the whole genomes of M. perstans and 

Mansonella sp “DEUX” that we generated in our study also fall within the ONC5 clade.  

In general, speciation is an evolutionary process whereby new species evolve from or 

within existing populations 133 . Different mechanisms can lead to such events, yet 

usually resulting in the creation of genetic barriers between organisms, leading to the 

inability to undergo genetic recombination. When comparing the whole genomes from 

M. perstans and Mansonella sp “DEUX” we still see sites of recombination. A potential 

biological explanation involves that adult worms from the two species can still 

occasionally recombine, meaning that the speciation event is still ongoing. Another 

more plausible explanation for our findings lies within our methodology. The 

recombination sites might result from co-infecting Mansonella species in our samples 

that we detected at low coverage only after sequencing. The initial diagnose was based 

on qPCR which is less sensitive. Our findings highlight the fact that further samples 

and data are needed, to get a better understanding of the true Mansonella species 

diversity.  

We additionally investigated the mitogenomes from M. perstans and Mansonella sp 

“DEUX”, which cluster as expected within the recently published mitogenomes from 

M. perstans and M. ozzardi 134,135. In general, particular loci within the mitogenome are 

popular targets for systematic and population genomic studies. The conserved nature 

of the mitogenome among different filarial species has supported the differentiation of 

filarial species as well as the determination of the phylogeny of the Onchocercidae 

family 103,135-137. We compared the12S rRNA and cox1 loci within our generated 
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mitogenomes to sequences in the database from other members of the Onchocercidae 

family. We observe two Mansonella species clusters for both loci, they either 

correspond to M. perstans or Mansonella sp “DEUX”. The same two clusters based on 

cox1 were also found by Gaillard et al., yet not based on 12S rRNA 104. The two clusters 

reveal further information regarding the host specificity of Mansonella species. Our 

data suggests that apart from humans, Mansonella sp “DEUX” is also infecting great 

apes. Our Mansonella sp “DEUX” sequences align to unspecified Mansonella 

sequences that were obtained from non-human primates (NHPs) originating also from 

Gabon or from the neighbouring country Cameroon 104. NHPs are known to act as a 

zoonotic reservoir for the other three human Mansonella species, namely M. perstans, 

M. streptocerca and M. ozzardi 104,138-142. Given this, it is not surprising that the same 

applies for Mansonella sp “DEUX”.  

Additionally, M. rodhaini a filarial species from chimpanzees and bonobos has been 

described based on morphology in skin biopsies from Gabonese individuals 105. 

However, in contrast to M. rodhaini as well as M. streptocerca, Mansonella sp “DEUX” 

is a blood-dwelling species. Our phylogenetic comparisons do not indicate that 

Mansonella sp “DEUX” maps to other skin-dwelling M. streptocerca. 

Other Mansonella species that are known to infect NHPs in Africa include M. vanhoofi, 

M. gorilla, M. leopoldi and M. loopensis 106-109. So far, these species have been 

described based on morphology only. However, for Mansonella sp “DEUX” only 

sequencing data is available and no in-depth morphological description has been 

made so far. Therefore, it still needs to be determined, if Mansonella sp “DEUX” 

resembles one of the NHPs infecting species. 

All blood-dwelling Mansonella species that infect humans were shown to carry 

endosymbiotic Wolbachia from the supergroup F 38,66,70,71. We can further support 

these findings, as we could extract Wolbachia reads among all sequenced samples. 

These result point to the fact that infections with Mansonella sp “DEUX” can probably 

also be treated with antibiotics. One potential agent is doxycycline, which has already 

been shown to be active in different clinical trials against M. perstans 67,68. Similar to 

Mansonella sp “DEUX”, no clinical trials have yet been conducted for M. ozzardi. Such 

data are needed now in order to further push the development of standardized control 

strategies for mansonellosis.  

We could not assemble high quality whole genomes for Wolbachia from our reads, 

because the coverage was too low. A comparison of Wolbachia from the two species 
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could provide further information on the separation of the two species. Together with 

the recently published Wolbachia genomes from M. perstans and M. ozzardi this will 

add valuable insights into the evolution of the Mansonella family 71.  

We detected an additional mitogenome from a Mansonella species that is so far not 

described. It does not map to any published sequences from the database. Therefore, 

it might present a new species that we named “Mansonella cermeli”. Read coverage 

was low, which is why we could only retrieve the mitogenome but no separate whole 

genome. Further screening of samples from the same geographical region for 

“M. cermeli” is necessary to determine whether it is a common species that infects 

humans.  

Our results demonstrate that Mansonella sp “DEUX” is a distinct species within the 

genus Mansonella, coexisting in sympatry with M. perstans. The species infects both 

humans and great apes, indicating a broad host range. The true species diversity may 

be higher than currently assumed, underscoring the need for further research to 

address the many unresolved questions regarding this genus. Thorough knowledge of 

the different species is essential for effective control and containment. Even though 

the clinical manifestation and the burden of disease associated with Mansonella 

infections remain poorly characterized, infections may have an impact on the host 

beyond that. It is known that filaria can modulate the host’s immune system 143-145 and 

there is evidence suggesting that both M. perstans and M. ozzardi do so as well 146-148. 

Consequently, infections with these parasites may influence the host’s immune 

response to non-filarial infections or antigens, including vaccines. The availability of 

our whole genome data will facilitate further investigations, advancing our 

understanding of Mansonella species.  

 

Suitability of the applied molecular techniques to explore the 

underlying research questions 

To achieve a better genetic characterization of the two neglected parasites P. malariae 

and Mansonella sp “DEUX”, we applied different molecular techniques. For analysing 

the genotype diversity in P. malariae we used a genotyping approach based on two 

length polymorphic marker genes (pmmsp1 F2 and pmtrap). In contrast, to investigate 
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the species diversity in Mansonella we applied a whole genome sequencing approach. 

Both techniques proved to be effective in answering the respective research questions.  

Our straightforward P. malariae genotyping panel remains highly valuable. The panel’s 

simplicity makes it particularly suitable for the application in endemic settings, where 

technical capacities are often still limited. However, it is essential to develop 

methodologies that can be implemented directly on-site in the affected countries, as 

processing samples elsewhere delays data availability. By using a minimal number of 

two markers, our approach reduces the workload, costs and time required to generate 

results, making it an efficient option for the application in endemic settings. Moreover, 

the implementation of the panels on-site will also help to build local capacity and 

strengthen expertise in these regions. It is necessary to collect data on genotype 

diversity from other regions across endemic countries. Also, when further applied to 

longitudinal samples collected over several months or years, the markers can provide 

important insights into the longevity of P. malariae infections. This will add further 

knowledge on the infection dynamics and epidemiology of this neglected parasite 

species.  

Currently, amplicon sequencing is a highly discussed methodology in the field of 

Plasmodium species genotyping, offering an increased sensitivity in detecting minor 

clones. Species with low parasite densities, such as P. malariae, could greatly benefit 

from such approaches 80,81. The development towards amplicon sequencing is 

promising and represents a potential next step in the progression of further P. malariae 

genotyping tools.  

Our results on Mansonella sp “DEUX” highlight the power of whole genome 

sequencing in phylogenetic studies. This approach proved to be a suitable tool to clarify 

the taxonomic status of Mansonella sp “DEUX” within the Mansonella genus. Yet, our 

findings also demonstrate the challenges of sequencing samples from human whole 

blood as well as co-infections of closely related species. In our study we used 5 µM 

filter to enrich the microfilariae relative to human blood cells. Nevertheless, for further 

blood sampling, alternative techniques such as leucocyte depletion might offer a more 

effective strategy to reduce the abundance of human DNA in the samples. The 

challenge of co-infected samples with closely related species can be resolved by 

cleaning raw sequencing data prior to genome assembly. The reference genomes we 
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have generated for M. perstans and Mansonella sp “DEUX”, along with those from 

other colleagues, will significantly facilitate this process 110.  

The conclusions drawn here open up new directions for further investigating 

Mansonella sp “DEUX”. A next step would be to explore the prevalence of this species 

in other regions, as it has so far only been confirmed in humans in Gabon and in great 

apes in the neighbouring country Cameroon. It is very likely that the parasite is not 

restricted to those regions. Additionally, employing the technique used in this thesis for 

P. malariae - the development of genotyping markers based on polymorphic regions – 

could provide deeper insights into Mansonella sp “DEUX” and the diversity of 

genotypes within the species.  
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Conclusion 

The improvements in the development of molecular techniques have contributed to a 

better understanding of the true burden of many neglected parasite species. Among 

those are the malaria parasite P. malariae as well as the filarial nematode 

Mansonella sp “DEUX”. The results presented within this dissertation contribute to the 

current understanding of P. malariae genotype diversity as well as the true species 

diversity of Mansonella.  

Consequently, the P. malariae genotyping panel should now be further applied to 

samples from other countries and to samples from longitudinal studies collected over 

several months. This may add important information on genotype distribution, as well 

as infection dynamics and longevity of infections. A better understanding of these 

factors will contribute to the management of this species in terms of transmission 

intensities or treatment schedules.  

The generation of the whole genomes from the two Mansonella species and their 

phylogenetic analysis opens an important path on further investigations of Mansonella 

parasites. In addition to the evidence that Mansonella sp “DEUX” is a distinct species, 

we could show that the species is also infecting great apes and carries the 

endosymbiont Wolbachia. This further helps to understand transmission chains and 

raise awareness of zoonotic reservoirs, also it paves the way for possible treatment 

options for this parasite.  

Using different molecular techniques, we have made a major step towards an end of 

the neglect on parasitic infections with P. malariae and Mansonella sp “DEUX”.  
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Center Hamburg-Eppendorf, Hamburg, Germany, 8Department of Medicine, University Medical
Center Hamburg-Eppendorf, Hamburg, Germany, 9Department of Medical Microbiology, Radboud
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Introduction: Plasmodium malariae is the most common non-falciparum

species in sub-Saharan Africa. Despite this, data on its genetic diversity is

scarce. Therefore, we aimed to establish a P. malariae genotyping approach

based on size polymorphic regions that can be easily applied in molecular

epidemiological studies.

Methods: Four potential genotyping markers, Pm02, Pm09, P. malariae

thrombospondin-related anonymous protein (pmtrap), and P. malariae

merozoite surface protein fragment 2 (pmmsp1 F2) were amplified via nested

PCR and analysed using automated capillary gel electrophoresis.

Results: We observed the highest allelic diversity for pmtrap (MOI = 1.61) and

pmmsp1 F2 (He = 0.81). Further applying the two markers pmtrap and pmmsp1

F2 on a different sample set of 21 P. malariae positive individuals followed up over

one week, we saw a high consistency in their performance. The results show a

large complexity and high dynamics of P. malariae infections in the

asymptomatic Gabonese study population.
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Discussion: We successfully implemented a new genotyping panel for P.

malariae consisting of only two markers: pmtrap and pmmsp1 F2. It can be

easily applied in other settings to investigate the genotype diversity of P. malariae

populations, providing further important data on the molecular epidemiology of

this parasite species.
KEYWORDS

Plasmodium malariae, genotyping, size polymorphism, pmtrap, pmmsp1 F2
1 Introduction

Plasmodium malariae is the second most abundant

Plasmodium species in sub-Saharan Africa causing malaria in

humans (Garnham, 1966; Coatney, 1971; Sutherland, 2016;

Nundu et al., 2021; Culleton et al., 2023; Miezan et al., 2023). It is

detected worldwide in many tropical and subtropical regions and is

often found in co-infections with other malaria parasites, mostly P.

falciparum (Zhou et al., 1998; Herman et al., 2023; Nguiffo-Nguete

et al., 2023). Over the past decades a worldwide decline in malaria

cases and deaths has been reported by the World Health

Organization (WHO) (Organization, 2023). However, this

decrease in case numbers has not been observed for P. malariae.

On the contrary, there are many endemic countries reporting an

increase in P. malariae prevalence (Cao et al., 2016; Yman et al.,

2019; Agonhossou et al., 2022; Nainggolan et al., 2022). Due to

improvements and increased usage of molecular diagnostics, the

number of P. malariae infections has been shown to be substantially

higher than previously described (Woldearegai et al., 2019; Mbama

Ntabi et al., 2022; Nguiffo-Nguete et al., 2023). However, treatment

as well as epidemiological studies and vaccine development are

mainly directed towards P. falciparum and more recently also P.

vivax, while other species are almost entirely neglected (Groger

et al., 2022). A deeper understanding of the biology and

epidemiology of the non-falciparum species would contribute to

our understanding of transmission dynamics which is a prerequisite

for achieving malaria elimination.

P. malariae causes a more benign form of malaria characterized

by comparably mild symptoms and low parasitemia. However,

serious complications have also been reported, mainly including

severe anemia (Langford et al., 2015) and acute kidney injury

(Ehrich and Eke, 2007). Infections are described as more chronic,

persisting in the human host for a long time, indicating that P.

malariae is successfully adapted to its human host.

A powerful tool to further characterize a parasite population

and its transmission dynamics is the usage of genotyping markers.

With this approach, diverse genetic regions are used to distinguish

parasite genotypes. For P. malariae two genotyping marker panels

have been identified previously (Bruce et al., 2007; Mathema et al.,

2020). Both approaches focus on microsatellite markers, that

represent genomic repetitive regions displaying a high genetic
02
diversity. Few other P. malariae genes have been investigated

additionally regarding their variability (Guimarães et al., 2015;

Lalremruata et al., 2017; Srisutham et al., 2018; Putaporntip et al.,

2022). In the present study, we aimed to establish a panel with a

minimum number of genotyping markers for P. malariae yet with a

high discriminative power. We assessed four markers from previous

studies - two microsatellites, Pm02 and Pm09, as well as P. malariae

thrombospondin-related anonymous protein (pmtrap), and P.

malariae merozoite surface protein 1 fragment 2 (pmmsp1 F2) -

the most promising candidate markers based on published diversity

and successful amplification (Bruce et al., 2007; Srisutham et al.,

2018; Mathema et al., 2020). We optimized the workflow,

confirmed their diversity in a large set of P. malariae samples

from Gabon, a malaria-endemic country in sub-Saharan Africa, and

analysed dynamics and complexity of infections, by following-up

asymptomatically infected individuals from Gabon in a tight

schedule over one week.
2 Methods

2.1 Study populations

A total of 410 P. malariae samples from two different study

populations were investigated in this study. Study 1 was a cross-

sectional study, aiming to characterize Plasmodium infections in

rural areas in Fougamou and surrounding villages in Gabon in

February/March 2016 (Manego et al., 2017; Groger et al., 2018;

Woldearegai et al., 2019). A total of 840 individuals aged from 1-96

years were included in the original study, from which 193

participants were positive by 18S rRNA qPCR for P. malariae. Of

these, 95 samples were used here, selected according to low

Cq values.

Study 2 was conducted in 2019/2020 in Lambaréné, Gabon,

assessing safety and efficacy of ivermectin against P. falciparum

infections in asymptomatic adults (Ekoka Mbassi et al., 2023);

samples were collected throughout the year. As ivermectin at the

given dose showed similar activity as placebo against Plasmodia,

individuals are regarded as not treated for this study. Out of 49

participants, 21 were positive for P. malariae at inclusion. The

following 15 timepoints were investigated: Screening (SCR), after 8
frontiersin.org
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(H8), 16 (H16), 24 (H24), 32 (H32), 40 (H40), 48 (H48), 56 (H56),

64 (H64), 72 (H72), 96 (H96), 120 (H120) hours, day 6 (D6), day 7

(D7). On day 7 a complete treatment of artemether-lumefantrine

was given, and additional sampling was done on day 14 (D14).

Both studies and the corresponding experimental protocols were

approved by the Institutional Ethics Committee of CERMEL (CEI-

007/2014, CEI/CERMEL 006/2019). Study 2 was registered with the

Pan-African Clinical Trials Registry (PACTR201908520097051). All

methods were carried out in accordance with relevant guidelines and

regulations. Informed consent was obtained from all adult

participants or legal guardians.
2.2 DNA extraction and Plasmodium
species determination

Blood samples were stabilized in RNAlater prior to extraction.

DNA was extracted either manually using the QIAamp DNA mini

blood kit (QIAGEN) or automated in the QIAsymphony

(QIAGEN) or in the KingFisher™ Flex Purification System

(Thermo Fisher Scientific) with the sbeadex blood kit (LGC),

according to the manufacturer’s protocols. Plasmodium species

were determined by qPCR as described previously targeting the

18S rRNA of the different Plasmodium species (Groger et al., 2018;

Woldearegai et al., 2019; Ekoka Mbassi et al., 2023).
2.3 Identification of P. malariae
genotyping markers

We chose four loci distributed on different regions of the P.

malariae genome, namely Pm02, Pm09, pmtrap, and pmmsp1 F2,

based on high genetic diversity published in other P. malariae

populations (Bruce et al., 2007; Guimarães et al., 2015; Srisutham

et al., 2018). Pm09 is located on chromosome 1 and pmmsp1 F2 on

chromosome 7. Pm02 and pmtrap are both located on chromosome

12. The two microsatellite markers show the following repeat sizes:

Pm02 has a repeat unit of 4 bp (CATA) and Pm09 of 17 bp

(GCAAAATAACAAAAAGA). Pmtrap shows different patterns of

12 bp repeat units (CCAGAGGATAGA; CCAGAGAATAGA;

CCAGAGAATAGT).

Each of the four length-polymorphic markers was amplified by

nested PCR. In all PCR runs the following controls were used: non-

template control (H2O), negative control (human whole blood from

a malaria naïve person), positive control (P. malariae

mono infection).

Optimized cycling conditions and primer sequences for Pm02,

Pm09, pmtrap and pmmsp1 F2 are shown in Supplementary Table

S1. New outer (Pm02 and Pm09 forward) and inner (pmmsp1 F2

and pmtrap) primers were designed according to the amplicon

length needed for the analysis method used, which is described

below. Primer design was based on the P. malariae reference

genome PmUG01 sequences (LT594622 – LT594635). Samples

that were negative in two consecutive runs, were repeated with 5

more cycles, to exclude low DNA content as a source of error.
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2.4 Analysis and verification of P.
malariae marker

Before further analysis, the amplicon size and concentration

were measured using automated capillary gel electrophoresis

(QIAxcel, QIAGEN). Specific conditions and descriptions are

listed in Supplementary Table S2 and Supplementary File S1.

Verification of automated capillary gel electrophoresis is

described in Supplementary File S1.
2.5 Analysis of genetic diversity

We assessed the performance and diversity of the P. malariae

genotyping markers along 95 P. malariae positive samples from

study 1. Whereas samples from study 2 were used to analyze the

performance of the markers over time. The maximum multiplicity

of infection (MOI) was counted based on the highest number of

alleles per marker in one sample. The mean MOI for each marker

was calculated as followed: total   number   of   alleles
number   of   positive   samples. To estimate the

allele frequency for each detected allele size, we divided the number

of alleles detected by the total number of PCR positive samples. The

expected heterozygosity (He) was calculated using the

following formula:

H = N
(N−1) (1 −ok

i=1p
2
i ) where p corresponds to the i

th of k alleles

and N to the number of positive samples.
3 Results

3.1 Comparative performance and
validation of four potential P. malariae
genotyping markers

Based on literature and in silico analysis, we chose four different

loci Pm02, Pm09, pmtrap, and pmmsp1 F2.

3.1.1 High diversity of P. malariae genotypes in
study population from Gabon

The allelic diversity of the markers was assessed on a set of 95

samples from study 1. The number of allele groups detected in the

95 samples was highest for pmmsp1 F2 and Pm02, with 15 distinct

groups detected each (Figure 1). While 11 allele groups were

detected for pmtrap, Pm09 resulted in 5 distinct allele groups,

which was the lowest number detected. Overall, the allele frequency

of groups was unevenly distributed for all four markers, with mostly

one major allele group. For pmmsp1 F2 seven minor allele groups

were identified, each appearing only once.

An overall comparison of allele characteristics showed that

pmtrap and pmmsp1 F2 performed best among the four markers

when aiming at displaying diversity (Table 1). The highest expected

heterozygosity (He) of 0.81 was calculated for pmmsp1 F2 while

pmtrap had the highest mean MOI of 1.61. Pm02 performed

comparably well, with a mean MOI of 1.55 and an He of 0.68.

Despite the high resolution of the chosen QIAxcel method, the
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differentiation of the allele groups was challenging for the marker

Pm02, as it has a repeat size unit of only 4 bp, which falls within the

maximum resolution of 3-5 bp that can be achieved with the

underlying method. Pm09 was the least diverse locus, with the

lowest He (0.56) as well as a low MOI (1.19). Amplification success
Frontiers in Cellular and Infection Microbiology 04
exceeded 90% for three out of the four markers, while pmmsp1 F2

exhibited a lower performance, with a PCR positivity rate of only

76%. The gene is known for its polymorphisms; therefore, it is likely

that for some of the samples the primer regions were too diverse to

anneal without mismatches. Indeed, we found one mismatch in the
TABLE 1 Allele characteristics of four P. malariae markers based on size polymorphisms.

Marker P. malariae positivity
by PCR

Number of alleles MOI
He

Allele size
range [bp]distinct total max. mean

pmtrap 87/95 [92%] 11 140 6 1.61 0.60 349 – 469

pmmsp1 F2 72/95 [76%] 15 80 3 1.11 0.81 92 – 694

Pm02 88/95 [93%] 15 136 7 1.55 0.66 200 – 257

Pm09 88/95 [93%] 5 105 4 1.19 0.56 314 - 346
MOI, Multiplicity of infection. He, expected Heterozygosity.
FIGURE 1

Allele frequencies of four P. malariae markers pmtrap, pmmsp1 F2, Pm02 and Pm09, arranged in different allele groups according to the fragment
size. Frequencies and sizes include alleles from multiclonal infections. In total 95 samples were screened.
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reverse primer region of 1/12 generated pmmsp1 F2 sequences. We

do not see any effect of the Cq value on the amplification success of

the samples.

3.1.2 In silico analysis reveals new P. malariae
genotypes from African samples

In addition to the P. malariae reference genome obtained from

Uganda, we identified sequences from regions outside of Africa

within the NCBI database that align to the four markers explored

with samples from study 1. We also considered P. brasilianum

sequences. 32 sequences were retrieved for pmtrap and 50

sequences for pmmsp1. All 32 pmtrap sequences are derived from

samples collected in Southeast Asia. 35/50 pmmsp1 sequences

originate from Southeast Asia as well and the remaining 15/50

from South America. For Pm02 and Pm09, one and two published

sequences respectively aligned to our sequences, all three

originating from South America.

When comparing the sequences from pmtrap and pmmsp1 F2

to the above-mentioned sequences, we found four new genotypes

using pmtrap (accession numbers: OR829576-OR829579) and five

new genotypes using pmmsp1 F2 (accession numbers: OR829569-

OR829571, OR829572, OR829573), among our samples that were

not published before. For Pm09 two new genotypes (accession

numbers: OR829566, OR829568) were found, each displaying a new

repeat unit motif of 17 bp (GAAGAGCAAAATAACAA) and 8 bp

(AACAAACA). For Pm02 seven new genotypes were found

(accession numbers: OR829554, OR829557, OR829558,

OR829560-OR829564), one with a new repeat unit of 6 bp

(CCACAC). New genotypes are defined by a new number of

repeat units for pmtrap, Pm02 and Pm09 or an amplicon size not

reported before for pmmsp1 F2. The genotype derived from the
Frontiers in Cellular and Infection Microbiology 05
reference genome was found among our sequences in all

four markers.

3.1.3 Combination of P. malariae genotyping
marker reveals high number of samples with
one genotype

We investigated which combination of the four markers gives the

highest diversity compared to using a single marker (Supplementary

Figure S1). This was assessed on the 95 samples from study 1. Hereby

the number of samples with either 1 (i.e., MOI=1) or more than 1

genotype (i.e., MOI>1), was used as a benchmark to evaluate the

different combinations. The more samples with an MOI>1, the better

the marker combination reflects the allelic diversity of the sample set.

In addition, the PCR failure rate, i.e., number of samples that were not

amplified, was used for comparison. The number of negative samples

was highest (at least 7/95 samples) when the markers were used

separately than in any other combination (less than 6/95 samples). All

combinations of two markers enhanced diversity by either reducing

the number of negative samples or increasing the number of samples

with multiple genotypes.

For any combination of 3 markers, the multiplicity is even

higher, with at least 33/95 samples showing a MOI>1. Combining

all four markers decreased the number of negative samples to 3/95

and increased samples with an MOI>1 to 40/95. Although this

combination reflects diversity best, we did not select it for further

investigation. We excluded Pm09 from the combinations because of

its low heterozygosity. Pm02 on the other hand was diverse enough,

however the analysis of the generated amplicons was challenging

and time consuming as of the small repeat size of 4 bp. Instead, we

chose the combination of pmtrap and pmmsp1 F2, identifying 61/95

samples with one genotype only (Figure 2). While 5/95 samples
FIGURE 2

Distribution of different genotypes measured using the two markers pmmsp1 F2 and pmtrap in combination among 95 samples from Gabon. Out of
95 samples, 61 were infected with one genotype only. Whereas 13, 7 and 9 samples were infected with two, three or more than three genotypes
respectively. In total 5/95 samples failed to amplify.
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were not amplified by any of the two marker, 29/95 samples were

carrying two or more genotypes simultaneously.
3.2 Indel-based markers pmmsp1 F2 and
pmtrap show high consistency in their
performance and reveal a large complexity
of infection in asymptomatic
Gabonese individuals

We further applied the two markers (pmmsp1 F2 and pmtrap)

on a unique sample set from study 2, consisting of 21 P. malariae

positive individuals that were followed for 14 days. In total, 15/21

individuals were positive for both markers by PCR while 6/21 were

positive for only one marker respectively (two for pmtrap and four

for pmmsp1 F2).

Overall individuals showed different patterns throughout the

course of the infection (for an overview of all 21 individuals see

Supplementary Table S3): 2/15 individuals showed only one

genotype for both markers over all sampling timepoints

(individual i.01 in Figure 3) and 11/15 individuals were infected

with multiple genotypes according to both markers, one was even

detected with 8 genotypes using pmtrap (individual i.02 in Figure 3).

In all 11 mentioned individuals the maximum MOI was higher for

pmtrap than pmmsp1 F2. The maximum MOI measured with

pmtrap and pmmsp1 F2 is depicted in Figure 3 for individuals

i.01 – i.03 as an example for different genotype patterns detected.
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The remaining individuals can be seen in Supplementary Figure S2

(individuals i.04 – i.15). In 2/15 cases the maximum MOI was

higher for pmmsp1 F2 and in two other cases it was similar. Overall,

the different genotypes were detected very stable along the 15

timepoints. Some genotypes were fluctuating over time, detected

at some timepoints and undetected in others (individual i.03 in

Figure 3). This shows the high dynamics and complexity of P.

malariae infections. 17/21 individuals were negative on day 14

(D14), as per protocol participants were treated with artemether-

lumefantrine latest on day 7.
4 Discussion

The number of P. malariae infections in endemic countries has

been shown to be substantially higher than previously

acknowledged. Nevertheless, there are many open questions

regarding the genetic epidemiology of this species. In the present

study, we assessed four genotyping markers and selected two of

them for establishment of a genotyping panel for P. malariae with a

minimum number of markers and a high discriminative power.

First, we analysed the individual performance of the four

markers using a sample set of 95 P. malariae infected individuals

from Gabon. Our analysis showed that pmtrap, pmmsp1 F2 and

Pm02 are the most diverse among the chosen loci in the population

studied. They showed the highest number of distinct alleles - 11, 15

and 15, respectively -, whereas only 5 distinct alleles were found
FIGURE 3

Three individuals i.01, i.02 and i.03 were genotyped at 15 timepoints using the markers pmmsp1 F2 (upper row) and pmtrap (lower row). Each color
represents a different genotype for the respective marker. The arrow indicates treatment with artemether-lumefantrine on day 7. The remaining 18
individuals are shown in Supplementary Figure S2. MOI, multiplicity of infection, referring to the maximum MOI measured among the 15 timepoints.
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with Pm09 in the 95 samples. The mean MOI was highest for

pmtrap (1.61), showing that this marker can very well reflect the

multiplicity of P. malariae infections. The expected heterozygosity

was highest for pmmsp1 F2 (0.81), demonstrating that this marker

can detect a wide variety of different P. malariae genotypes. In terms

of theses parameters, Pm02 performs comparatively well. However,

this marker seems unsuitable for the fragment analysis using

automated capillary gel electrophoresis with a resolution of 3-5

bp. The repeat size of only 4 bp is too small to reliably distinguish

single alleles in infections with multiple genotypes, a limitation of

this method. Similar results were found in another study on P. vivax

genotyping, where automated capillary gel electrophoresis also

reached its limit in distinguishing alleles that are close to each

other in size (Manrique et al., 2015). The observed differences in the

respective PCR efficiency of each marker can be attributed to

various influencing factors. Low DNA concentrations in the

sample are most likely the major reason why some samples were

not amplified at all. We found a mismatch in the primer region in

one of the pmmsp1 F2 sequences. This further underlines the high

rate of polymorphisms in this region and might have led to the low

amplification success for this marker. If primer binding is not

efficient, less DNA is amplified. PCR conditions were thoroughly

optimized to increase PCR efficiency to a maximum.

Overall, the range of heterozygosity (0.56 – 0.80) is comparable

to other published marker panels by Bruce et al. (0.331 – 0.839) and

Mathema et al. (0.530 – 0.922); the mean MOI for the four markers

(1.11 – 1.61) is even slightly higher (Bruce et al., 2007; Mathema

et al., 2020). However, both parameters depend on the

characteristics of the investigated population, as geographical

origin, clinical status, participants age, or seasonality. The samples

used here for the validation of genetic diversity are from one

geographical region (Lambaréné and surrounding villages,

Gabon) and were collected within two months (study 1). The

same is true for the P. malariae sample set from Myanmar of

Mathema et al. In contrast Bruce et al. tested samples from diverse

geographical origin (Thailand, Malawi, and Gambia), different

clinical status and transmission seasons. Therefore, a direct

comparison of the different marker panels using different settings

can be misleading.

A notable observation for the pmmsp1 F2 marker was that

comparatively more amplicons with a small size were detected and

that the MOI was lower than for the other three markers. This effect

of preferential amplification of shorter over longer amplicons has

been seen in P. falciparum genotyping before, targeting the msp1

locus as well (Messerli et al., 2017). It can lead to an

underestimation of the MOI. However, we saw no evidence of

preferential amplification of smaller fragments for the pmmsp1 F2

locus (Supplementary File S2). Also, it is unlikely that a low parasite

density of the minor genotype leads to these findings in infections

with multiple genotypes, as the other three markers have a higher

MOI. Another explanation for the seen effect could be mutations in

the primer region of the bigger alleles.

We optimized our genotyping approach based on automated

capillary gel electrophoresis. To validate the method, we sequenced

amplicons from samples that were infected with one genotype only

and compared the amplicon lengths from both methods. The high
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concordance observed for all four markers shows that our chosen

analysis method is very reliable (Supplementary File S3). This

approach has been proven efficient in previous Plasmodium

genotyping approaches as well (Manrique et al., 2015; Nguyen

et al., 2019; Tadele et al., 2022). General advantages of the

method include the fast and high throughput, as well as the

straightforward analysis. The high deviation of up to a maximum

of 21 bp seen for pmmsp1 F2 can be explained by the lower

resolution of 20 bp given by the used method. As the allele size

range was bigger for this marker (92 – 694 bp), a method with a

lower resolution (20 bp) had to be used.

Previous studies on P. malariae genotyping have been carried

out in samples from South America and/or Southeast Asia

(Guimarães et al., 2015; Srisutham et al., 2018; Putaporntip et al.,

2022). The pmtrap and pmmsp1 sequences generated here originate

from Gabon and therefore represent a valuable set of genotypes

from Africa. A comparison of spatial dynamics of P. malariae

genotypes reveals that some genotypes appear in all three

continents mentioned: for pmtrap 3/10 identified genotypes have

been found in Southeast Asia as well as Africa; for pmmsp1 F2 4/25

genotypes have been identified either in Southeast Asia and South

America (2 genotypes), in South America and Africa (1 genotype)

or in all three continents (1 genotype). However, most genotypes

are shared among samples from the same region, forming spatial

genotype clusters. As most of the available sequences are from

Southeast Asia, the biggest cluster was identified from this region

for both markers (4/10 using pmtrap and 14/25 using pmmsp1 F2).

Another genotype cluster exclusively seen in samples from South

America, consists of three genotypes and was identified using

pmmsp1 F2. We found three new genotypes using both markers

in our samples from Gabon, Africa, that were not seen in the

sequencing data from any other continent before.

In the end, a combination of the two markers pmmsp1 F2 and

pmtrap resulted in the panel with the best discriminative power.

While pmmsp1 F2 can detect a high variety of diverse genotypes,

pmtrap is able to best cover the multiplicity of P. malariae

infections. In combination the two markers provide a powerful

tool for studies on genetic diversity of P. malariae.

Based on the results from the sample set of the two-weekly

follow-up study, both markers demonstrated a very consistent

performance over time. Genotypes were detected consistently

throughout the different sampling timepoints, which shows the

method`s effectiveness. We detected up to 8 genotypes in one

individual at the same timepoint. This surprisingly high number

of circulating P. malariae genotypes in an asymptomatic population

is particularly interesting. In a previous study from Gabon including

symptomatic individuals, P. malariae was the species with the

highest number of genotypes (Lalremruata et al., 2017). To which

extend these findings are related to the clinical status needs

further investigation.

Throughout the follow-up period, fluctuations of genotypes

were evident, indicating that not all genotypes are present at

every sampling occasion. This observation is likely because the

amount of DNA from these minor genotypes approaches the limit

of detection, so that they are detectable at one time point but not at

the other. However, it is also possible that some of the appearing
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genotypes are new infections. The 72-hour cycle of P. malariae

could not be seen in the pattern of detected genotypes from

our data.

We followed the P. malariae infections for a limited time,

providing valuable insights into their dynamics. As P. malariae

infections are known for their longevity and to persist in the human

host for even decades (Ciusa et al., 2022), studying infections over

longer periods would provide even more information on the biology

of this species. However, the high complexity of asymptomatic P.

malariae infections with multiple genotypes and variable detection,

shown by our findings, makes longitudinal investigations

challenging to interpret since a genotype may not be detected on

one sampling timepoint but be present in another. This could be

eventually addressed with next generation sequencing (NGS)

approaches that can increase sensitivity and the probability to

detect minor clones, potentially adding further insights into P.

malariae genotypes, infection dynamics and biology (Gruenberg

et al., 2019; Wamae et al., 2022).

Some individuals in our study were still PCR-positive on day 14,

seven days after treatment with artemether-lumefantrine. We do

not think that these are treatment failures, but rather residual DNA

that can still be detected with our highly sensitive PCR. Similar

results were also found for P. falciparum (Inoue et al., 2024). In

addition, no parasites were detected microscopically at those

timepoints. However, in order to be certain that these are no

treatment failures and that the individuals turn PCR negative

later, follow-up samples from later timepoints would have

been required.
5 Conclusion

We were able to successfully implement a new P. malariae

genotyping panel consisting of only two markers, pmtrap and

pmmsp1 F2. This set of markers will add a valuable tool to

characterize the genetic diversity of P. malariae infections from

different regions and to better elucidate the transmission dynamics

of this neglected malarial parasite species. It can be implemented in

many settings as its usage is straightforward, having a short

turnaround time as only two markers are required.
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Whole genome analysis of two
sympatric human Mansonella:
Mansonella perstans and
Mansonella sp “DEUX”

Miriam Rodi1†, Caspar Gross2†, Thaisa Lucas Sandri1,3,
Lilith Berner1, Marina Marcet-Houben4,5, Ersoy Kocak6,
Michaela Pogoda2,6, Nicolas Casadei2,6, Carsten Köhler1,7,
Andrea Kreidenweiss1,7,8, Selidji Todagbe Agnandji 1,8,
Toni Gabaldón4,5,9,10, Stephan Ossowski2‡ and Jana Held1,7,8*‡

1Institute of Tropical Medicine, University of Tübingen, Tübingen, Germany, 2Institute of Medical
Genetics and Applied Genomics, University of Tübingen, Tübingen, Germany, 3Laboratory of
Molecular Immunopathology, Department of Clinical Pathology, Federal University of Paraná,
Curitiba, Brazil, 4Life Science Department, Barcelona Supercomputing Centre (BSC-CNS),
Barcelona, Spain, 5Mechanisms and Defense, Institute for Research in Biomedicine (IRB Barcelona),
The Barcelona Institute of Science and Technology, Barcelona, Spain, 6NGS Competence Center
Tübingen (NCCT), Tübingen, Germany, 7German Center for Infection Research (DZIF), partner site
Tübingen, Tübingen, Germany, 8Centre de Recherches Médicales de Lambaréné (CERMEL),
Lambaréné, Gabon, 9Catalan Institution for Research and Advanced Studies (ICREA), Barcelona, Spain,
10Centro de Investigación Biomédica En Red de Enfermedades Infecciosas (CIBERINFEC),
Barcelona, Spain
Introduction: Mansonella species are filarial parasites that infect humans

worldwide. Although these infections are common, knowledge of the

pathology and diversity of the causative species is limited. Furthermore, the

lack of sequencing data for Mansonella species, shows that their research is

neglected. Apart from Mansonella perstans, a potential new species called

Mansonella sp “DEUX” has been identified in Gabon, which is prevalent at high

frequencies. We aimed to further determine if Mansonella sp “DEUX” is a

genotype of M. perstans, or if these are two sympatric species.

Methods: We screened individuals in the area of Fougamou, Gabon for

Mansonella mono-infections and generated de novo assemblies from the

respective samples. For evolutionary analysis, a phylogenetic tree was

reconstructed, and the differences and divergence times are presented. In

addition, mitogenomes were generated and phylogenies based on 12S rDNA

and cox1 were created.

Results: We successfully generated whole genomes for M. perstans and

Mansonella sp “DEUX”. Phylogenetic analysis based on annotated protein

sequences, support the hypothesis of two distinct species. The inferred

evolutionary analysis suggested, that M. perstans and Mansonella sp “DEUX”

separated around 778,000 years ago. Analysis based on mitochondrial marker

genes support our hypothesis of two sympatric human Mansonella species.
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Discussion: The results presented indicate that Mansonella sp “DEUX” is a new

Mansonella species. These findings reflect the neglect of this research topic. And

the availability of whole genome data will allow further investigations of

these species
KEYWORDS

Mansonella sp “DEUX”, Mansonella perstans , whole genome sequencing,
phylogeny, Wolbachia
1 Introduction

Infections with nematodes of the genus Mansonella are among

the most neglected diseases, even though these parasites belong to

the most widespread human filaria species. It has been estimated

that more than 100 million people are infected with Mansonella

species in Africa only and around 600 million people are at risk of

infection (Simonsen et al., 2011). Three species are known to be

prevalent in humans, Mansonella perstans, M. ozzardi, and M.

streptocerca with varying geographic distribution. While M.

perstans is prevalent in most parts of Sub-Saharan Africa and

some regions in South and Central America, M. streptocerca is

restricted to the African continent andM. ozzardi to Latin America.

In 2015 a potential new species provisionally called Mansonella sp

“DEUX” was described in febrile children in a hospital-based study

in Gabon (Mourembou et al., 2015). Further investigations showed

that this was the most frequent filarial species, as during a cross-

sectional study in rural Fougamou, Gabon, 35% of individuals

carried this parasite (Sandri et al., 2021).

In addition to the nuclear and the mitochondrial genomes, most

filarial species comprise an additional genome - the genome of their

bacterial endosymbiont Wolbachia. These intracellular bacteria can

be found in most filarial parasites (Ferri et al., 2011). ForM. perstans

the obligate presence ofWolbachia was under debate for a long time

(Grobusch et al., 2003; Gehringer et al., 2014; Batsa Debrah et al.,

2019). However, improved molecular diagnostics, as well as results

from treatment studies demonstrating the efficacy of antibiotics,

indicate thatM. perstans contains these bacteria (Keiser et al., 2008;

Coulibaly et al., 2009; Gehringer et al., 2014; Batsa Debrah et al.,

2019). Wolbachia were also detected in individuals mono infected

withMansonella sp “DEUX”, confirming carriage of endosymbionts

also by this new species/genotype (Sandri et al., 2021). As

Wolbachia are usually transferred maternally and because of the

known genetic variability of this endosymbiont among nematodes,

Wolbachia genomes could give a further hint on the genetic

relatedness of their host species (Bordenstein et al., 2009).

Until recently, no whole genome for any Mansonella species

infecting humans was available, reflecting the neglect of these

infections. Fortunately, this has been recognized and sequences of

M. perstans and M. ozzardi have been generated in the last years

(Crainey et al., 2018; Chung et al., 2020; Sinha et al., 2023). A

recently published study from Tamarozzi et al. has confirmed the
02
lack of consensus in the management of Mansonella infections

(Tamarozzi et al., 2022). There are no clear treatment guidelines

and also information on specific symptoms and burden of disease is

not well described. To contribute to a better evolutionary

understanding of Mansonella species, we generated and compared

the whole genomes as well as the mitogenomes of M. perstans and

Mansonella sp “DEUX” isolated from circulating microfilariae from

infected individuals. We aimed to assess the differences between the

two sympatric variants to identify if they are two separate species. In

addition, we also obtained and analyzed the genomes of the

Wolbachia symbionts.
2 Materials and methods

2.1 Ethical statement

The study protocol was approved by the Institutional Ethics

Committee at the Centre de Recherches Médicales de Lambaréné,

Gabon (CEI-CERMEL 002/2018). Adolescents were asked to give

written assent, written informed consent was obtained from their

legal guardian and of all adult individuals taking part in this study.
2.2 Mansonella perstans and Mansonella sp
“DEUX” sample collection

Individuals ≥ 16 years living in the area of Fougamou, Gabon,

with a confirmed Mansonella species microfilaria count ≥ 50

parasites/ml and no microscopical detectable Loa loa infection

were invited to take part in the study. Diagnosis was based on the

microscopic reading of two Giemsa-stained thick blood smears (2x

10 µl blood). 18 ml of venous blood was collected in EDTA tubes

from participating individuals. The sample was diluted 1:2 with

phosphate buffered saline (PBS; Merck) and filtered through a 5 µm

filter paper (Whatman) with a syringe to enrich the microfilariae.

Filtration was repeated with 30 ml of PBS to remove remaining

blood cells. Subsequently the Whatman filter was removed, the

sticking microfilariae were washed off with 10 ml PBS, and the

mixture was centrifuged (10 minutes, 1800 rpm) to remove

the supernatant. The pellet was transferred to a cryotube with

RNAlater and frozen at -80°C.
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2.3 DNA extraction and Mansonella
species confirmation

DNA was extracted from a 25 µl pellet using NEB Monarch

Genomic Purification Kit (NEB). Sample lysis was performed

according to the animal tissue protocol provided by the

manufacturer. Incubation was increased to 3 h at 56°C to

improve the yield. DNA was eluted with 50 µl elution buffer. Loa

loa infection as well as coinfection with either M. perstans or

Mansonella sp “DEUX” based on the internal transcribed spacer

region (ITS1 region) was excluded by qPCR according to previously

published protocols (Sandri et al., 2021). These procedures resulted

in three eligible samples, named mperst1, mdeux2 and mdeux3.
2.4 Genome sequencing, de novo
assemblies and genome annotation

2.4.1 Library preparation for whole
genome sequencing

Genomic DNA was quantified using Qubit dsDNA HS assay kit

with a Qubit fluorometer (ThermoFisher). DNA library preparation

was performed using the Nextera DNA Flex kit (Illumina) following

the manufacturers instruction. Briefly, 4 to 20 ng of genomic DNA

was diluted in a total volume of 30 µl of nuclease-free water and

fragmented at 55°C for 15 minutes using tagmentation. The

enzymatic reaction was stopped, and the adapter-tagged DNA

was purified using magnetic-bead clean-up. The resulting DNA

was amplified using 8 to 12 cycles of PCR, allowing the required

sequencing adapters to anneal to the DNA. The resulting libraries

were purified using a double-sided beads purification. Library

molarity was determined by measuring the library size

(approximately 600 bp) using the Fragment Analyzer with the

High NGS Fragment 1-6000bp assay (Agilent) and the library

concentration (approximately 10 ng/µl) using the Infinite 200Pro

(Tecan) and the Quant-iT HS Assay Kit (Thermo Fisher Scientific).

The libraries were denaturated, diluted to 162 pM and sequenced as

paired-end 250 bp reads on an Illumina NovaSeq6000 (Illumina,

San Diego, CA, USA) with a sequencing depth of approximately 200

million clusters per sample.

2.4.2 De novo assembly and genome annotation
The first step in the de novo assembly of theMansonella species

genomes was to remove the reads from the human host from all

generated reads. Therefore, Kraken2 (Wood et al., 2019) was used to

classify the reads taxonomically since unmapped reads may also

indicate the presence of Wolbachia sequences. The reads reported

as unclassified by Kraken were assumed to be Mansonella species

reads and used for the de novo assembly. Information about the pre-

built Kraken database used can be found in the Supplementary File

1. The assembly was performed using the SPAdes De Novo

Assembler (Bankevich et al., 2012) without error correction, using

the default parameters. The quality of the scaffolds assembled by

SPAdes were assessed using the genome assembly evaluation tool
Frontiers in Cellular and Infection Microbiology 03
QUAST (Gurevich et al., 2013) and the genome completeness was

assessed using BUSCO (Simao et al., 2015). Also, the N50 values

and coverage values of the scaffolds were calculated in this way.

BLAST (Altschul et al., 1990) was used to investigate the similarity

of the potential Mansonella species scaffolds to closely related

species. If at least one of the 39 listed species (Supplementary

Table 1) occurred in the top 10 BLAST hits of a scaffold, the scaffold

was counted as a fragment of the Mansonella species genome.

Estimated genome length was calculated by summing the lengths of

these filtered scaffolds. Intron hints for the gene annotation were

generated using the protein sequences of B. malayi with the

freely available sequence alignment program, Exonerate (Slater

and Birney, 2005). Subsequently, AUGUSTUS (Stanke and

Morgenstern, 2005) gene prediction tool was used to predict the

genes on the scaffolds using the hints and to annotate the predicted

genes Supplementary File 1. The predicted genes were aligned to the

NCBI protein sequence database using DIAMOND (Buchfink et al.,

2021) to find similar genes.
2.5 Evolutionary analysis of Mansonella
species genomes

2.5.1 Phylome reconstruction
The evolutionary analysis was performed using genome

assemblies from 10 nematodes, that were downloaded from NCBI

and Uniprot (Supplementary Table 2), in addition to mperst1 and

mdeux3. Genome completeness was assessed using BUSCO v4.0.2

(Supplementary Table 2) (Simao et al., 2015). The phylome of

Mansonella sp “DEUX” was reconstructed from mdeux3 using a set

of 11 additional Nematode proteomes, including mperst1. The

genomes of Brugia timori and Onchocerca flexuosa were not used

in the phylome reconstruction due to their poor completeness, as

well as mdeux2. An automated pipeline was used that applies the

same process to reconstruct gene trees as one would do manually

(Fuentes et al., 2022). First the proteome database was

reconstructed using the 12 species and formatting the codes to

phylomeDB format. Then a blastp search was performed between

each gene in the genome of Mansonella sp “DEUX” and this

proteome database. Blast results were filtered using an e-value

threshold of 1e-05 and an overlap threshold of 50%. The number

of hits was limited to the 150 best hits for each protein. Next, six

different multiple sequence alignments were reconstructed using

three programs [Muscle v3.8.1551 (Edgar, 2004), mafft v7.407

(Katoh et al. , 2005) and kalign v2.04 (Lassmann and

Sonnhammer, 2005)] and aligning the sequences in forward and

in reverse direction. From this group of alignments, a consensus

alignment was obtained using M-coffee from the T-coffee package

v12.0 (Wallace et al., 2006). Alignments were then trimmed using

trimAl v1.4.rev15 (consistency-score cut-off 0.1667, gap-score cut-

off 0.9) (Capella-Gutierrez et al., 2009). IQTREE v1.6.9 (Nguyen

et al., 2015) was used to reconstruct a maximum likelihood

phylogenetic tree. Model selection was limited to 5 models

(DCmut, JTTDCMut, LG, WAG, VT) with freerate categories set
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to vary between 4 and 10. The best model according to the BIC

criterion was used. 1000 rapid bootstraps were calculated. All trees

and alignments were stored in phylomedb (Fuentes et al., 2022)

with phylomeID 97 (http://phylomedb.org).

2.5.2 Species tree reconstruction
A species tree was reconstructed using a supertree approach as

implemented in duptree v1.48 (Wehe et al., 2008) using all the trees

reconstructed in the phylome as input. A second species tree was

reconstructed using a gene concatenation approach, adding the three

genome assemblies from the species that were not initially included

in the phylome reconstruction process (B. timori and O. flexuosa, as

well as the secondMansonella sp “DEUX” sample mdeux2). In order

to do that, genes in the phylome were selected that were found in

single copy in all species. 1068 such genes were selected, and a blast

search was performed between these genes and the proteomes of the

three newly added assemblies. Only those genes were kept that had

only one hit in each of the three new assemblies, reducing the set to

562 genes. The alignment was redone for each selected protein

family, adding the three new sequences, and using the same pipeline

applied during phylome reconstruction. These alignments were

subsequently concatenated into a single multiple sequence

alignment which was trimmed using trimAl v1.4.rev15 (Capella-

Gutierrez et al., 2009), producing an alignment of 260.126 amino

acid positions. IQTREE v1.6.9 (Nguyen et al., 2015) was used to

reconstruct the species tree using the model selection option without

restrictions. The best model according to BIC was JTT+F+R4.

2.5.3 Nucleotide divergences and SNP calling
Nucleotide divergence was calculated by performing a best

bidirectional hit analysis between all pairs of Brugia, Onchocerca

and Mansonella species. For pairs of orthologs, the percent of

identity was calculated by aligning 100 random pairs of

nucleotide sequences using Muscle (Edgar, 2004) and using

trimAl (Capella-Gutierrez et al., 2009) to calculate the pairwise

identity without considering gaps.

2.5.4 Divergence time calculation
Fossil records for Nematodes were obtained from Paleobiology

Database (https://paleobiodb.org/). Four fossils fell within the

species tree used in this paper: Cascofilaria baltica (33.9 - 38.0

MyA) and Cascofilaria dominicana (13.82 - 20.44 MyA) which

belong to the Filariidae family, as well as Ascarites gerus (129.4 -

122.46 MyA) and Ascarites rufferi (237 - 242 MyA), which belong to

the Ascarididae family. SortaDate (Smith et al., 2018) was used to

select the 20 best genes to use for dating based on their clock-

likeness, tree length and topological similarity to the species tree.

Trees were used from the phylome, despite having three genome

assemblies not included. Alignments were then concatenated, a

species tree was reconstructed as detailed above, and phylobayes

was used to calculate divergence times using the two calibration

points based on the fossil records. The rooting point was set to have

happened at least 242 MyA without detailing an upper limit. The

second calibration point was set at the base of Filarioidea and was

set to have happened between 13 and 38 MyA. Phylobayes 4.1
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(Lartillot et al., 2009) was run on the species tree and with those

calibration points using two chains, the CAT model and the Birth

and Death model. It was run until both chains converged as seen

with tracecomp from the Phylobayes package. Readdiv was run to

obtain the chronogram using a burn-in of 10.000 and a subsampling

frequency of 10.
2.6 Extraction of mitogenome assemblies

The mitogenomes were extracted from the whole genome

assembly of the individual samples. Using the visual tool Bandage

(Wick et al., 2015) the M. perstans mitogenome was blasted against

the assembly graph to identify contigs with mitochondrial genomic

sequences. In case of multiple matching contigs these were linked

based on coverage and sequence similarity to extract one or more

complete mitogenomes from the assembly.

2.6.1 Phylogenetic tree reconstruction based on
mitogenomic data

The analysis follows the companion repository from Chung

et al. (2020). First, a multiple sequence alignment including the

mitogenomes of mperst1, mdeux2 and mdeux3 as well as

Mansonella related species from NCBI (Supplementary Table 3)

was created using CLUSTAL OMEGA v.1.2.3. Then the phylogeny

was calculated using IQTREE v2.1.4 (Nguyen et al., 2015) and

visualized using iTOL (Letunic and Bork, 2021). For the 12S rDNA

phylogenies, rRNA sequences were extracted from the genome

assemblies using BARRNAP v0.9 Seemann, T (2013) and then

combined with published 12S rDNA sequences from other

Mansonella species. 12S rDNA and cox1 phylogenies were created

using the same methods described above for the metagenome data.
3 Results

3.1 De novo assembly and gene annotation

Genome assemblies were generated from Mansonella

microfilaria isolated from three individuals living in the area of

Fougamou, Gabon. They presented with a qPCR-confirmed mono-

infections of either M. perstans (individual 1: mperst1) or

Mansonella sp “DEUX” (individual 2: mdeux2 and individual 3:

mdeux3) (Table 1). Reads for all three samples were obtained with a

coverage of 7.4x (mperst1), 32.4x (mdeux2), and 65.5x (mdeux3),

resulting in a total assembly size of 76.2 Mb, 80 Mb and 78.5 Mb,

respectively (Table 2 and Supplementary Table 4). Although the

generated whole genome sizes are comparable, the N50 from

mdeux3 is twice and three times the size of the other two

assemblies respectively. This makes mdeux3 the most contiguous

assembly generated thus far. To further verify the quality of the

assemblies, the completeness of the data was quantified in terms of

the expected gene content, using BUSCO (Benchmarking Single-

Copy Orthologs) tool. For all three samples, more than 90% of

conserved eukaryotic gene orthologs were identified. GC content as
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well as the number of predicted genes are comparable among all

three samples.

The respective mitochondrial and Wolbachia genomes were

assembled independently for all three samples. Wolbachia reads

were sequenced and assembled from all three samples called wMpe1

for mperst1, wMde2 for mdeux2, and wMde3 for mdeux3. The

Wolbachia assemblies are of comparable low quality (Supplementary

Table 5). As a comparison, Wolbachia assemblies from other hosts

were included. Among them areWolbachia from supergroup F, as well

as from supergroup D. Overall the here generated Wolbachia

assemblies show a slightly lower GC content and a comparably high

number of small contigs. In general, the assemblies are shorter than

those used for comparison, especially wMpe1 is four times smaller

than the reference wMpe (JACZHU01.1). Due to the poor quality,

further analyses are not presented here.
3.2 Evolutionary analysis indicates a
divergence between Mansonella perstans
and Mansonella sp “DEUX”

To provide further information on the orthology and paralogy

relationships across the genes of the nematode species, a phylome –

i.e., a complete catalogue of gene evolutionary histories - was

reconstructed for M. perstans from mperst1 and Mansonella sp

“DEUX” from mdeux3, including 10 other sequenced nematode

species. This allowed the selection of widespread genes that were

present in single copy in the selected species. Subsequently, these

genes were also identified in the second Mansonella sp “DEUX”

sample mdeux2 as well as in two additional nematode species which

were not included in the phylome analyses due to the fragmented

nature of their assemblies (Brugia timori and Onchocerca flexuosa).

This set of widespread genes was used to build a concatenated

alignment and then a species tree was reconstructed (Figure 1).
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Using the inferred branch lengths from this tree, the phylogenetic

distances within groups of species or strains from the same genus

(Mansonella, Brugia and Onchocerca) were compared. As seen in

Figure 1, branch lengths are very short for all three species groups,

though the branches are shortest between the two Mansonella sp

“DEUX” strains mdeux2 and mdeux3. The branch separating

Mansonella sp “DEUX” and M. perstans is similar in length to

the one separating Onchocerca ochengi and O. volvulus and the one

separating B. timori and B. malayi, indicating that, at a genomic

level, they have a similar genetic divergence. These findings are

further confirmed by the calculations of nucleotide and amino acid

diversity between the species in the three generaMansonella, Brugia

and Onchocerca (Supplementary Table 6). These analyses support

the separation of Mansonella sp “DEUX” and M. perstans into two

different species, as their genetic divergence is similar to that

between established nematode species.

Our phylogenetic analysis supports the results of the multi-

locus sequence typing analysis by Lefoulon et al. (2015), which

suggests a division of Onchocercidae into distinct phylogenetic

clades (ONC1-ONC5). Figure 1 additionally shows the

phylogenetic Onchocercidae clades ONC3, ONC4, and ONC5.

Consistent with Lefoulon et al., all marked species are placed into

the same clades. O. flexuosa, O. ochengi, and O. volvulus into clade

ONC3, Litomosoides sigmodontis and Acanthocheilonema vitae into

clade ONC4. Loa loa, B. pahangi, B. timori, B. malayi as well as the

three Mansonella assemblies from mperst1, mdeux2 and mdeux3

are placed into clade ONC5.

To calculate the divergence time of mperst1 from mdeux2 and

mdeux3, a chronogram was generated (Figure 2). Two calibration

points were set based on fossil records, one placed at the root of the

tree and the other at the base of the Filarioidea super family. Using this

calibration, the divergence time between Mansonella sp “DEUX” and

M. perstans is estimated at 778,000 years. To better classify these time

spans, we give the divergence time of the closest members of Brugia
TABLE 2 Comparison of genome assemblies mperst1, mdeux2 and mdeux3 to L. loa. A more detailed comparison to other filarial species can be
found in Supplementary Table 4.

mperst1 mdeux2 mdeux3 L. loa

Total length (Mb) 76.2 80.0 78.5 91.4

GC (%) 30.3 30.3 30.3 31.0

N50 (kb) 45.5 101.8 173.8 174.4

Complete BUSCO (%) 94.7 94.4 96.0 95.4
frontie
TABLE 1 Infection status, parasitemia and demographic data of individuals for mperst1, mdeux2 and mdeux3.

Sample
ID

Species based on ITS1
qPCR

Ct
value

Microscopic count [mf
per ml]

Participant
sex

Participant age
[years]

Participant living
area

mperst1 Mansonella perstans 25 350 female 71
Nzong Bang, Lambaréné,

Gabon

mdeux2 Mansonella sp “DEUX” 26 125 male 78
Nzemba, Lambaréné,

Gabon

mdeux3 Mansonella sp “DEUX” 24 400 male 70
Moukabou, Lambaréné,

Gabon
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(1.6 MyA) andOnchocerca (1.8 MyA) for comparison. The divergence

time of the two strains of Mansonella sp “DEUX” is 33,000 years.
3.3 Phylogeny based on mitochondrial
sequences reveals three distinct
Mansonella mitogenomes

Sequence information for filaria species is rare, however a

mitochondrial genome of M. ozzardi and M. perstans has been

published recently (Crainey et al., 2018; Chung et al., 2020).

Therefore, a phylogenetic analysis based on the mitogenomes was

performed to further understand the relationship between M.

perstans and Mansonella sp “DEUX”.

Figure 3A shows the generated phylogeny based on the

mitogenomes of 17 nematode species, including the newly
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generated mitogenomes from the three assemblies. In total, three

distinct mitogenome clusters from different species were identified

from the assemblies. The first mitogenome cluster, designated as

mMpe (mitogenomeM. perstans), can be assigned toM. perstans, as

it clusters with the published M. perstans mitogenome (GenBank:

MT361687). It is found in mperst1 with a coverage of 40x.

Unexpectedly, although identified as mono-infected with

Mansonella sp “DEUX” via qPCR, assemblies of the individuals

mdeux2 and mdeux3 were found to be mixed infected at low

coverage with M. perstans. Both have in addition one mMpe

mitogenome each, with lower coverage depths of 7x and 12x

compared to the published M. perstans mitogenome, respectively.

However, there were also two additional mitogenomes identified in

each of these two assemblies that cluster together, both with a high

coverage of 140x and 290x respectively. They show no similarity to

any published mitogenomes and were therefore assigned to

Mansonella sp “DEUX” and designated as mMde (mitogenome
FIGURE 2

Evolutionary analysis of Mansonella sp “DEUX” and M. perstans.
Chronogram detailing the divergence times of 15 nematode species.
Stars indicate calibration points derived from recorded fossil evidence.
FIGURE 1

A phylogenetic tree reconstructed for M. perstans assembly mperst1
and the two Mansonella sp “DEUX” assemblies mdeux2 and mdeux3,
including 12 other nematode species based on the concatenation of
562 protein alignments. Onchocercidae clades ONC3, ONC4 and
ONC5 are shown next to the corresponding species.
A

B

FIGURE 3

Mitogenome analysis. (A) Mitogenome phylogeny of different
nematode species, including the newly generated mitogenomes
from the three assemblies forming three Mansonella mitogenome
clusters: Mitogenome of M. perstans mMpe marked in green,
comprising of the mitogenomes from mperst1, and additionally two
mitogenomes at low coverage of the individuals mdeux2 and
mdeux3. Mansonella sp “DEUX” mMde marked in orange, with two
mitogenomes of high coverage of mdeux2 and mdeux3. And the
surprising third mitogenome of “M. cermeli” mMce with a single
mitogenome of individual 2 (mdeux2). (B) SNP variant call between
the three mitogenomes of each individual generated by us and the
published mitogenomes of M. perstans (GenBank: MT361687) and
M. ozzardi (GenBank: KX822021).
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Mansonella sp “DEUX”). Surprisingly, a third mitogenome not

clustering to the other mitogenomes or any other published

sequence was identified in assembly mdeux2. Though it was

sequenced at low coverage of 8x, it was assembled into a single

contig, therefore confidence in the sequence is high. As the

phylogeny suggests that this mitogenome originates from a

separate species we provisionally call it “Mansonella cermeli” and

the respective mitogenome mMce.

To compare the similarity of the generated mitogenomes, a SNP

variant call was performed, including the reference mitogenomes of

M. perstans (MT361687) and M. ozzardi (KX822021) (Figure 3B).

The highest number of SNPs is found between each mitogenome and

M. ozzardi. Whereas the lowest number of SNPs is found between the

mitogenomes within one cluster as well as the mitogenomes from the

cluster mMpe andM. perstans. Both samples from the mMde cluster

(mdeux2-mMde and mdeux3-mMde) as well as the mMce cluster

have a high number of SNPs compared to the mMpe cluster and the

two references from M. perstans and M. ozzardi. This further

supports the findings from the phylogenetic tree. Overall, genome

size and GC content from all generated clusters are comparable to the

published mitogenomes from M. perstans and M. ozzardi for all

mitogenomes that were generated (Table 3). Both Mansonella sp

“DEUX” mitogenomes mdeux2-mMde and mdeux3-mMde have a

high coverage and are very similar to each other, showing a 99.8%

pairwise identity. The same applies for the three M. perstans

mitogenomes mperst1-mMpe, mdeux2-mMpe and mdeux3-mMpe.

However, mdeux2_mMpe has a lower coverage and could not be

completely assembled. The other two M. perstans mitogenomes

though show a high similarity to the published M. perstans

mitogenome. These data further support our hypothesis of two

sympatric human Mansonella species.
3.4 Mansonella sp “DEUX” infects humans
as well as great apes

Parasites from the genus Mansonella are also known to infect

non-human primates (NHPs). Only recently, filarial DNA extracted

from NHPs faecal samples from Gabon and the neighbouring
Frontiers in Cellular and Infection Microbiology 07
country Cameroon was used to investigate the Onchocercidae

phylogeny based on two mitochondrial genes, cytochrome c

oxidase subunit 1 (cox1) and 12S rDNA (Gaillard et al., 2020).

These phylogenetic analyses showed that sequences obtained from

chimpanzee cluster with samples from humans infected with M.

perstans, concluding that chimpanzees can also be infected with M.

perstans. In addition, they found NHPs to be infected with

sequences of filaria that fall within the Mansonella genus, but

cluster separately and are different from all published sequences.

We extended the published phylogenetic trees from Gaillard

et al. with the respective cox1 (Figure 4) and 12S rDNA (Figure 5)

sequences derived from the newly generated mitogenomes. As

expected, the cox1 sequences of three mitogenomes of the mMpe

cluster, map to the published sequences by Gaillard et al., that

cluster to M. perstans. The cox1 sequences of the Mansonella sp

“DEUX” mitogenomes (mMde) map to the unclassified cox1

sequences of NHPs that could not be assigned to a Mansonella

species by Gaillard et al. Therefore, it can be assumed that

Mansonella sp “DEUX” infects humans and great apes. Cox1

sequences of the mMce mitogenome cluster separately. Overall,

we see the same five monophyletic groups, as depicted in Gaillard

et al. The phylogenetic tree (Figure 5) based on 12S rDNA clusters

corresponds very well to the clusters seen for cox1. We see separate

clusters for the potential different species, as sequences from theM.

perstans assemblies (mMpe assemblies: mperst1-mMpe, mdeux2-

mMpe and mdeux3-mMpe) cluster to the published M. perstans

sequences. This cluster can therefore be assigned to M. perstans.

The 12S rDNA sequence from the mMce mitogenome forms a

separate cluster. A third cluster is generated from two 12S rDNA

sequences potentially originating from the Mansonella sp “DEUX”

mitogenome assemblies mMde and additional 12S rDNA sequences

generated from Gaillard et al., that were formerly grouped together

with M. perstans sequences.
4 Discussion

Infections with Mansonella species have been neglected in all

areas, this is also reflected by the fact, that until recently no whole
TABLE 3 Comparison of different characteristics of the generated mitogenome clusters, including the published mitogenomes from M. perstans
(MT361687) and M. ozzardi (KX822021).

Mitogenome Length GC (%) Found in sample Coverage

mMpe

13,616 bp 26.0 mperst1 40x

8,978 bp 26.3 mdeux2 7x

13,617 bp 26.0 mdeux3 12x

mMde
13,619 bp 25.5 mdeux2 140x

13,621 bp 25.5 mdeux3 290x

mMce 12,613 bp 26.3 mdeux2 8x

M. perstans (MT361687) 13,619 bp 25.9 NA 1,115x

M. ozzardi (KX822021) 13,681 bp 25.7 NA NA
fr
NA, not applicable.
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genome of any of the Mansonella species was available. We

generated whole genomes of Mansonella perstans and the related

Mansonella sp “DEUX” from microfilaria of infected individuals

from Gabon. All assemblies show a high level of quality, as is

indicated by high coverage, N50 values and BUSCO scores. The

whole genomes are comparable in size, number of predicted genes

and GC content to other filarial species. Phylogenetic analysis of the

whole genomes as well as the mitogenomes of these twoMansonella

suggest that these are two distinct species. Evolutionary analysis of

the whole genome comparisons supported these findings as they

give estimates that these sympatric species have diverged 778,000

years ago.

However, we found sites of recombination between the whole

genomes of M. perstans and Mansonella sp “DEUX”. This can be a

true finding, indicating that these species are still able to cross in

rare occasions. On the other hand, this can also be due to our whole

genome assemblies. Based on mitogenomic data, we discovered that

the Mansonella sp “DEUX” samples, which we originally assumed

to be mono-infected, are in fact co-infected withM. perstans and/or

an unknown potential third species “M. cermeli” at a low coverage.

These co-infections have influenced our analysis, and it might be

that they are responsible for the observed recombination regions

that could lead to less accurate estimates. The relatively high

divergence time of 33,000 years between the two Mansonella sp
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“DEUX” assemblies could also be explained by the influence of the

co-infections in those samples. However, the overall results provide

a good starting point for further research. With the collection of

more Mansonella samples from different regions in the future, the

genetic differences between samples of the same species can be

estimated and can be included in the equations, and the divergence

times can be calculated more accurately.

The first previously sequenced and published mitogenome of

M. perstans from a sample from Cameroon (Chung et al., 2020)

clusters closely to our M. perstans mitogenome and its inclusion in

the phylogenetic analysis additionally supports the finding of two

distinct species. Since sequence data on Mansonella species from

different regions are limited, we additionally investigated the genes

for which the most sequence data are available: cox1 and 12S rDNA.

Based on both genes, we have identified two Mansonella species

clusters that correspond to either M. perstans or Mansonella sp

“DEUX”; the same clustering was also seen by Gaillard et al. for cox1

sequences (Gaillard et al., 2020). We can confirm these two separate

clusters also based on the 12S rDNA sequences. Only one cluster for

12S rDNA is shown by Gaillard et al., however, when we reanalyzed

Gaillard’s data, we identified two clusters.

Molecular markers based on mitochondrial sequences are a

commonly used tool in phylogenetic studies due to the conserved

nature among species, and several markers have assisted in recent

years to differentiate filarial species and determine the phylogeny of
FIGURE 5

Phylogeny based on 12S rDNA gene sequences. The three
mitogenome clusters mMpe, mMde and mMce are highlighted in
green, red and blue respectively. The generated mitogenomes, as
well as the published mitogenomes from M. perstans (GenBank:
MT361687) and M. ozzardi (GenBank: KX822021) are highlighted in
bold.
FIGURE 4

Phylogeny based on cox1 gene sequences. The three mitogenome
clusters mMpe, mMde and mMce are highlighted in green, red and
blue respectively. The generated mitogenomes, as well as the
published mitogenomes from M. perstans (GenBank: MT361687) and
M. ozzardi (GenBank: KX822021) are highlighted in bold.
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the Onchocercidae family (Xie et al., 1994; Lefoulon et al., 2015;

Yilmaz et al., 2016; Crainey et al., 2018). The investigated markers

12S rDNA and cox1 overall support the evolutionary relationships

and classification into different clades, as suggested by Lefoulon

et al. (2015). Based on multi locus sequence typing they had

identified five strongly supported clades, whereby all Mansonella

species fall within clade ONC5. The affiliation to the different ONC

clades is also reflected in our phylogeny based on the complete

mitogenome and the phylogeny based on the concatenation of the

562 protein alignments as seen in Figure 1.

Our analysis of the cox1 and 12S rDNA genes additionally

showed that our Mansonella sp “DEUX” sequences align to

Mansonella sequences obtained from great apes from the same

country (Gabon) and the neighboring country Cameroon (Gaillard

et al., 2020), suggesting that Mansonella sp “DEUX” is infecting

humans as well as NHPs. There are a few Mansonella species that

have been described to occur in great apes based on morphology, as

M. vanhoofi (Peel, 1946), M. gorillae (van den Berghe and

Chardome, 1949), M. leopoldi (van den Berghe et al., 1957) and

M. loopensis (Bain et al., 1995). Most of them have been described in

the form of a case report. One ape related species has been described

to occasionally infect humans in Gabon – M. rodhaini (Richard-

Lenoble et al., 1988). There is no sequence information for any of

these species available to compare them on a genetic level to our

assemblies. However,M. rodhaini is described to be a skin dwelling

species likeM. streptocerca and not a blood dwelling species likeM.

perstans or Mansonella sp “DEUX”. We also compared our

obtained sequences to the few available sequences of the skin

dwelling M. streptocerca, but they did not map. Therefore, there

is no indication that these skin dwelling species are the same as

Mansonella sp “DEUX”. To determine if one of the morphologically

described great ape infecting Mansonella species could be

Mansonella sp “DEUX”, microscopic investigations of mono-

infected samples could be done.

We additionally identified Wolbachia reads in all three

sequenced samples. Wolbachia are intracellular bacteria (order

Rickettsiales) found in a range of arthropod and nematode species

(Taylor et al., 2018). In filarial nematodes Wolbachia are usually

symbionts, beneficial for the host survival and reproduction (Bandi

et al., 1999; Hoerauf et al., 1999; Volkmann et al., 2003). Antibiotic

treatment of filarial infections targets the Wolbachia and are

promising alternative treatment options, especially for M. perstans

infections, where standard filarial treatments are not efficacious

(Coulibaly et al., 2009; Raoult, 2010; Batsa Debrah et al., 2019).

Currently, Wolbachia are taxonomically subdivided into 16

different so-called supergroups. Wolbachia of filaria fall in

supergroups C, D, and J with the exception of Wolbachia of

Mansonella species that fall in supergroup F. Interestingly, all

other Wolbachia of supergroup F have arthropod hosts (Covacin

and Barker, 2007; Ferri et al., 2011). We could confirm that

Wolbachia reads from Mansonella sp “DEUX” also belong to

supergroup F, similar to Wolbachia of M. perstans and M. ozzardi

(Casiraghi et al., 2001; Keiser et al., 2008). Whole genomes as well as

sequence comparisons of the Wolbachia of these two Mansonella

species (M. perstans and M. ozzardi) are described in a preprint

(Sinha et al., 2021).Wolbachia are usually inherited maternally and
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differences between Wolbachia of different species can give further

evidence on their relatedness. The read coverage of our assembled

Wolbachia genomes was low (<10x) leading to a high fragmentation

with many small contigs. However, the finding of Wolbachia reads

in all three samples, further supports the carriage of Wolbachia in

M. perstans and Mansonella sp “DEUX”.

Based on mitogenomic analysis, we found a third Mansonella

mitogenome that did not cluster with any of the available sequences

and might therefore even present another new Mansonella species,

that we named “Mansonella cermeli”. As read coverage was low, we

could not construct a separate whole genome, but because of the

multicopy nature of mitogenomic DNA in general, we could

construct a separate mitogenome. Evidence of this separate

genome is high, as the whole mitogenomes could be assembled

into a single circular contig. This is the first time that sequences of

“M. cermeli” are detected, and we do not have a morphologic proof

of its existence. Also, we do not know if this is a common species/

infection in that region. Further studies must be conducted to

analyze if this is another common Mansonella species infecting

humans. The mitogenomes reported here show that the species

diversity within Mansonella might even be higher than

previously thought.

Overall, the results of our study suggest that Mansonella sp

“DEUX” represents a new Mansonella species. It is most probably

not restricted to the human host, but also infects great apes.

However, given the high prevalence of this mansonellosis in the

population in this area, one can assume that it is also a true human

infection. The detection of the additional “M. cermeli” mitogenome

further illustrates the lack of knowledge about this genus.

Fortunately, awareness is increasing and more data are being

published, such as a preprint this year describing the entire

genomes of M. perstans and M. ozzardi (Sinha et al., 2023). The

authors discuss clinical differences in response to antifungal drugs

in the context of molecular differences in selected genes of the

different species. These publications together with the sequence data

are of great value for further research on Mansonella. There are

many open questions on Mansonella infections not only related to

phylogeny and number of infecting species, but also on the burden

of disease, adequate treatment and impact on the immune system.

However, to properly address these questions, one prerequisite is to

be able to identify, name, and differentiate the infecting species.
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