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Abstract 
Leishmania are vector-borne dixenous protozoan parasites of vertebrates causing diseases 

collectively called leishmaniases, which threaten more than 1 billion people mainly in tropical and 

subtropical regions. These parasites are divided into four subgenera: Leishmania, Viannia, 

Sauroleishmania, and Mundinia. The last named are geographically widely dispersed and their 

distribution covers all continents except Antarctica. Although their medical and veterinary importance 

is increasing, there is currently almost no information on natural reservoir hosts, vector species, and 

experimental research options due to the very limited range of model animals. This thesis 

summarizes our efforts to unravel possible vectors and laboratory models for this subgenus. 

In the first three studies, we focused on potential models; therefore, we experimentally infected 

guinea pigs (Cavia porcellus), BALB/c mice, Chinese hamsters (Cricetulus griseus), and steppe 

lemmings (Lagurus lagurus) with five species of Mundinia and we also tested reservoir potential of 

African grass rat (Arvicanthis niloticus) and Natal multimammate mouse (Mastomys natalensis) to 

Leishmania chancei. The second part focused on potential vectors of the parasites. We 

experimentally infected biting midges Culicoides sonorensis and sand flies sharing geographical 

distribution with respective Mundinia species to test their susceptibility and vector competence by 

transmission experiments. We proved that C. porcellus are a good model for L. enriettii, but their 

utilisation for other species is limited since only animals infected with L. enriettii, L. orientalis and L. 

martiniquensis developed temporary pathological changes on the ears. BALB/c mice and A. niloticus 

are not good models for Mundinia as they have been proven resistant to the infection. In contrast, 

M. natalensis cannot be excluded from possible involvement in circulation of L. chancei in nature 

because parasites sporadically disseminated to different tissues and survived up to 5 months, albeit in 

relatively small numbers. Cricetulus griseus and L. lagurus were proved susceptible to Mundinia. 

While C. griseus were asymptomatic but infectious to sand flies and DNA of parasites was detected in 

animals by the end of experiment 20 weeks post infection, L. lagurus exhibited signs of cutaneous 

and visceral leishmaniases and were also infectious to sand flies during the whole experiment. The 

second part of our study proved that C. sonorensis support the development of Mundinia and three 

human-infecting species, L. martiniquensis, L. orientalis, and L. chancei, can be transmitted to the 

naïve host by bites of these insects. On the other hand, sand flies sharing geographical distribution 

with tested Mundinia did not transmit parasites to mammals and only L. martiniquensis and L. 

orientalis developed late stage infections in P. argentipes. These data support the hypothesis of the 

involvement of biting midges in circulation of Mundinia. If these findings will be supported by field 

studies, it may ultimately lead to redefinition of the entire Leishmania genus, where sand flies are 

dogmatically considered the sole vectors or the removal of Mundinia to a separate genus. 
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Abstrakt 
Leishmanie jsou dvojhostitelští a hmyzem přenášení parazité obratlovců, kteří způsobují onemocnění 

označované jako leishmanióza,  ohrožující více než miliardu lidí po celém světě. Tito parazité jsou 

aktuálně rozděleni do čtyř podrodů: Leishmania, Viannia, Sauroleishmania a Mundinia. Zástupci 

posledního jmenovaného podrodu se vyskytují na všech kontinentech kromě Antarktidy. Ačkoliv jejich 

medicínský i veterinární význam stále roste, o jejich rezervoárových hostitelích a přenašečích se ví jen 

velmi málo, stejně tak jako o možných modelových organismech využitelných pro jejich výzkum. Tato 

práce shrnuje výsledky naší snahy o rozšíření znalostí o tomto podrodu. V prvních třech studiích jsme 

se zaměřili na potenciální modelové hostitele a postupně jsme experimentálně infikovali morčata 

(Cavia porcellus), BALB/c myši, křečíky čínské (Cricetulus griseus) a pestrušky písečné (Lagurus 

lagurus) celkem 5 druhy leishmanií z podrodu Mundinia, a navíc jsme testovali rezervoárový potenciál 

afrických hlodavců myši nilské (Arvicanthis niloticus) a krysy mnohobradavkaté (Mastomys natalensis) 

pro L. chancei. Čtvrtá studie byla zaměřena na přenašeče. Provedli jsme experimentální infekce 

flebotomů, sdílejících rozšíření s danými druhy leishmanií, a tiplíků Culicoides sonorensis, abychom 

mohli sledovat vývoj leishmanií v tomto hmyzu. Navíc jsme u druhů podporujících vývoj leishmanií 

provedli přenosové experimenty, kdy byli hlodavci vystaveni sání nakažených přenašečů. Dokázali 

jsme, že ačkoliv jsou morčata dobrým modelem pro výzkum L. enriettii, jejich využití pro ostatní druhy 

není vhodné, neboť dočasné kožní příznaky se objevily pouze u zvířat nakažených L. orientalis a L. 

martiniquensis. BALB/c myši nejsou vhodným modelem pro výzkum podrodu Mundinia, neboť jsou, 

stejně jako A. niloticus rezistentní vůči infekci. Naopak M. natalensis nelze vyloučit z možného 

zapojení do koloběhu L. chancei, neboť parazité ojediněle diseminovali do různých tkání a přežívali i 5 

měsíců, byť v relativně malých počtech. Křečíci čínští a pestrušky písečné se ukázaly být jednoznačně 

nejvhodnějšími modely. Křečíci mohou sloužit jako model pro asymptomatický průběh, protože 

ač nevykazovali během experimentu žádné příznaky onemocnění, byli infekční pro flebotomy a DNA 

leishmanií byla na konci pokusu detekována u většiny testovaných zvířat. Pestrušky písečné mohou 

sloužit jako model pro kutánní i viscerální formy onemocnění, navíc byly silně infekční pro flebotomy 

v průběhu celého pokusu a DNA leishmanií byla detekována u většiny zvířat v různých částech těla. 

Naše poslední studie prokázala, že pravděpodobnějším přenašečem Mundinií budou spíše tiplíci než 

flebotomové. Zatímco u testovaných kombinací flebotom x parazit došlo k vývoji pozdní fáze infekce 

pouze u P. argentipes infikovaných druhy L. orientalis a L. martiniquensis, u testovaných tiplíků C. 

sonorensis došlo k vývoji pozdních forem infekce u všech druhů leishmanií, z nichž 3 byly navíc 

přeneseny na myši. Tato data podporují hypotézu o zapojení tiplíků jako přenašečů leishmanií, a 

pokud budou podpořena dalším terénním výzkumem, mohou vést k redefinici rodu Leishmania, kde 

jsou flebotomové chápáni jako výhradní přenašeči nebo dokonce k zavedení samostatného rodu 

Mundinia. 
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1. Introduction 

1.1 Leishmania parasites  
Leishmania are dixenous protozoan parasites of vertebrates transmitted by sand flies (Diptera: 

Phlebotominae) or possibly biting midges (Diptera: Ceratopogonidae), which cause diseases 

collectively called leishmaniases [1]–[3]. These parasites cluster with trypanosomes, creating the 

family Trypanosomatidae, which belongs to the order Kinetoplastida, typical by the presence 

of a kinetoplast. This unique structure created from mitochondrial DNA is present in most 

kinetoplastids and is responsible for RNA editing, which is necessary for functional activation 

of mitochondria allowing the development of the extracellular and extramammalian part of the life 

cycle. Parasites which lost the kinetoplast e.g. Trypanosoma evansi or T. equiperdum also lost 

the ability to develop in the insect vector, thus are limited to transmission by contaminative way 

(sexually or by passive transfer in/on vector mouthparts) [4], [5]. 

Leishmania are now divided into four subgenera: Leishmania, Viannia, Mundinia, and 

Sauroleishmania. The first three named are parasites of mammals, but Sauroleishmania infect mainly 

reptiles. Approximately 50 species of leishmania are described, and more than 20 of these can infect 

humans. The majority of human cases are caused by four parasite species belonging to the subgenus 

Leishmania: L. donovani, L. major, L. tropica and L. infantum. Less frequent but also medically 

important are parasites of the subgenus Viannia, mainly L. braziliensis endemic in South America, and 

L. martiniquensis from the subgenus Mundinia, which causes disease of humans in South East Asia 

and disease of horses and cattle in the USA and central Europe [6], [7]. 

 

1.2 Life cycle  
The life cycle of Leishmania can be divided into four main steps: a) development in the host, 

b) transmission from the host to the insect vector, c) development in the vector, and d) transmission 

from the vector to the vertebrate host. 

In mammals, parasites live intracellularly within macrophages, monocytes, and neutrophiles 

in the form of amastigotes (short, round form without visible flagella). Amastigotes multiply inside 

the phagolysosome of the parasitised cell, causing its rupture which allows parasites to evade and 

infect other cells. Thanks to this life strategy, leishmania can spread within the host’s body hidden 

from its immune system. During blood feeding, intracellular and extracellular amastigotes present 

in the tissues and blood are uptaken by the vector.  

In the gut of vectors, females of sand flies or biting midges, the peritrophic matrix is formed 

within a few hours after blood feeding. Parasites escape from macrophages and undergo 

morphological changes, developing into procyclic promastigotes (prolonged form with visible short 

flagella).  
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Subsequent development depends on the parasite species. We distinguish three main groups by their 

development strategy: peripylarian, suprapylarian and hypopylarian. Peripylarian species, belonging 

to the subgenus Viannia, move to the hindgut and transform into round flagellated promastigotes 

that attach to the hindgut wall. Suprapylarian species (subgenera Leishmania, Mundinia) develop 

in the abdominal midgut attached to its epithelium, which prevents their expulsion during defecation, 

and hypopylarian species (subgenus Sauroleishmania) develop in hindgut [8]–[10]. Because this 

thesis focuses mainly on Leishmania and Mundinia subgenera, their suprapylarian development 

in vectors will be described in more details below. 

After defecation of the vector and attachment to the abdominal midgut, parasites migrate 

anteriorly to the thoracic midgut and transform into short leptomonads, which multiply and 

subsequently give rise to two stages: attached haptomonads interacting with chitinase layer 

of the stomodeal valve and free swimming, non-multiplying metacyclic promastigotes infective 

to mammalian hosts [11]. During colonisation of the anterior parts of vector’s gut (cardia and 

stomodeal valve), the parasites start to prepare for transmission by destroying the stomodeal valve 

[12] and by production of a promastigote secretory gel which blocks the gut and prevents the vector 

from continuous blood feeding [13]. For this reason, vectors are forced to feed repeatedly and 

regurgitate parasites (plus their exosomes and gut microbiota) into the host’s skin. Co-inoculation 

of various components from the vector ‘s gut and saliva has also been shown to have an enhancing 

effect on parasite survival and propagation in the host [14]–[19]. Depending on the parasite/vector 

combination, development of late stage infections takes 5-8 days [20]. Serafim et al. [21] showed that 

after a second blood meal, a part of the metacyclic promastigotes transforms into a non-infectious 

stage called retroleptomonads, which can multiply again. This step should contribute to an increase 

in the number of parasites in the gut and lead to a higher number of metacyclic promastigotes 

present during the next blood feeding, but experiments conducted by Ashwin et al. do not support 

this hypothesis [22], thus further studies are necessary to confirm this phenomenon. After 

regurgitation of metacyclic promastigotes into the skin, parasites invade the host’s immune cells and 

transform into amastigotes, and the whole cycle begins again. 

 

1.3 Leishmaniases  
Leishmaniases are present in nearly 100 countries around the world with 1 billion people living 

in endemic areas. Almost 1 million new cases are described annually, of which more than 30 000 are 

lethal. Furthermore, a significant part of cases is not recorded since leishmaniases occur dominantly 

in third world countries where the level of health care and infrastructure is low. Taken together, 

leishmaniases are the second most prevalent vector-borne disease in the world after malaria, causing 

tremendous economic and life losses [2].  
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1.4 Forms of the disease 
Three basic forms of the disease are described: visceral, mucocutaneous, and cutaneous. The last one 

can be further divided into several subforms, see below. Progress and overall manifestation generally 

depend on endo- and exogenous factors such as parasite species, strain and virulence, the infectious 

dose, type of inoculum, the host immune response, and other biological and environmental factors 

[23]–[27]. 

 

1.4.1 Cutaneous form 
Cutaneous leishmaniases (CL) are the most frequent main form characterised by development 

of localized skin nodules, ulcers or lesions close to the vector bite site, which can spontaneously heal, 

persist or progress to other forms in some cases [28]. Due to various pathological signs of cutaneous 

leishmaniases, we distinguish four main forms of CL: localised CL (LCL), diffuse CL (DCL), disseminated 

CL (DL), and post kala-azar dermal leishmaniasis (PKDL) [25]. The main causative agents of CL are L. 

major, L. tropica, L. aethiopica in the Old World and L. mexicana or L. braziliensis in the New World 

[29]. It usually causes only a little burden in the terms of pathogenicity to humans, but stigma and 

socioeconomic burden on affected people is much higher as lesions are usually present on body parts 

exposed to the vector bite (face, arms, legs) [30]. LCL is the most common and least severe form 

of leishmaniasis, manifesting in the early stages of infection as a single localised papule that may 

enlarge and develop into dry or wet lesion. So called “dry lesions” are usually caused by L. tropica, 

while wet ulcerative lesions are often caused by L. major or L. mexicana. Both can heal spontaneously 

within a few weeks or months from the onset of the first symptoms or various healing techniques (in 

situ drug application or cryotherapy) can be used. DCL can develop from LCL when parasites or their 

antigens spread through the body of the host and form non-ulcerative nodular metastatic lesions, 

which may appear even many months after healing of the primary lesion [31]. DL is usually caused 

by parasites of the subgenus Viannia. It manifests mainly as discontinuous pleomorphic lesions which 

are often associated with the development of mucosal symptoms, relapses and resistance to standard 

treatment even in immunocompetent hosts [32]. Visceral leishmaniasis, mainly caused by L. 

donovani, which will be described in details later, can be followed by the development of a cutaneous 

form called PKDL, which manifests as multiple nodules or papulae affecting parts or the entire host 

body. In contrast to VL, PKDL is not fatal and does not cause serious pathological signs, but the host 

can still serve as a source of infection for vectors, and the visual appearance of the disease leads 

to serious social exclusion and stigmatisation [30], [33]. 
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1.4.2 Mucocutaneous form 
Mucocutaneous leishmaniasis is caused mainly by New World species e. g. L. braziliensis, L. 

panamensis, and L. amazonensis or L. macropodum from the subgenus Mundinia and is characterized 

by invasion of soft tissues such as the nose, ears, eye lids, lips, or inner mouth parts and is often 

accompanied by secondary bacterial infections that enhance pathological effect of the disease. 

Espundia, as MCL is called in endemic localities, can occur even years after the primary lesion since 

parasites escape the host’s immune system and covertly spread throughout the body via 

the lymphatic system or immune cells [34]. The immune background is poorly understood and 

consists of complex interplay between the parasite and the host [35].  

 

1.4.3 Visceral form 
The most severe form, called visceral leishmaniasis, is caused mainly by L. donovani, L. infantum, and 

L. martiniquensis. The majority of cases come from the Indian peninsula (India, Bangladesh) and 

Eastern Africa (Sudan) and the disease is called kala-azar (“Kala” – Hindi word for black; “Azar” – 

Persian word for fever). The first symptoms, which are high fever, poor appetite, weight loss, nausea, 

and diarrhoea, usually appear in a period of 2 weeks to 18 months post bite of infectious vector. 

Within the body of the host, parasites spread and proliferate in the mononuclear phagocyte system 

(macrophage, neutrophils) and cause hepatosplenomegaly, and infection of the bone marrow leading 

to pancytopenia. Only about 10 % of the infected individuals are symptomatic, but approximately 75-

95% of these cases are lethal, if not treated. High-sensitivity diagnostic methods for parasite 

detection in asymptomatic patients are developed and used in the field to prevent spread 

of parasites, as asymptomatic carriers can also serve as a source of infection [36]–[38].  

 

1.5 Vectors 
Sand flies (Diptera: Phlebotominae) are considered the main vectors of leishmania. We distinguish 

more than 800 species belonging to this group and from these approximately 100 species can 

transmit parasites, while only 30 are responsible for spread of the human pathogens (for example P. 

papatasi, P. argentipes, P. sergenti, P. pernicious, and Lu. longipalpis) [39]. Sand flies are widespread 

in tropical, subtropical, and warm areas of temperate climate zones. Old-World species of genera 

Phlebotomus and Sergentomyia often inhabit arid and semi-arid ecosystems, while New World 

species (genus Lutzomyia) are mostly typical for forest and rainforest areas. Conversely to mosquitos, 

sand fly larvae do not develop in the water environment, but use moisturised soil with high amount 

of organic material to rear (especially rodent burrows, nests, termite mounds and manure) [40], [41]. 

Adults do not fly far from their hatcheries, so the presence of burrows and nests of potential 
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reservoir hosts near human dwellings and outside working places is crucial for successful 

transmission of parasites to human hosts from wild reservoirs [42], [43].  

Due to the development of more sensitive methods of molecular biology, alternative 

vectors of Leishmania have been suggested in the last several years, because the parasite DNA has 

been detected in various blood-feeding arthropods (ticks, fleas, and biting midges). It is crucial 

to keep in mind that the sole presence of parasite DNA is not reliable proof of vector competence, 

since Leishmania survive non-specifically in blood remnants during the first days after feeding and 

although the infection may be lost with defecation of the arthropod, parasite DNA can be still 

detectable [44]–[46]. That is why several criteria were established to evaluate the vector potential 

of suspected arthropods by Killick-Kendrick [47] and later updated by Ready [48]: 

- On more than one occasion, promastigotes are isolated and/or typed from several 

unambiguously identified wild female flies that did not contain recent blood meals (less than 

36 h). 

- Infective forms or ‘luxuriant growth’ of Leishmania are observed in the anterior midgut and 

in the stomodeal valve of naturally infected female flies or of colony flies after xenodiagnosis. 

- A sand fly species is attracted to humans and any reservoir host and bites them. 

- Strong ecological associations, including seasonality, are shown between the fly, humans, and 

any reservoir host. 

- Experimental transmission is achieved after infection from a natural host species or 

an equivalent laboratory model. 

- Using retrospective data, mathematical modelling demonstrates that the vector is essential 

for maintaining transmission with or without the involvement of other vectors. 

- Mathematical modelling based on a planned control programme shows that disease 

incidence significantly decreases following a significant decrease in the biting density 

of the specific vector. 

 

The last two presumed criteria are more or less hypothetical, and their practical usage is so far very 

limited. 

Experiments with ticks and fleas did not so far prove their involvement in circulation 

of parasites, even though these arthropods can influx parasites during blood feeding [49]–[54]. 

On the contrary, biting midges have been shown to have a high potential to transmit Leishmania. 

Dougall et al. [3] described successful colonisation of guts and stomodeal valves of Australian biting 

midges (Forcipomyia: Lasiohelea) by L. macropodum responsible for kangaroo mucocutaneous 

leishmaniases [55]. These findings inspired other researchers to test the vector potential of biting 
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midges under laboratory conditions, and later Seblova et al. [44] showed that L. enriettii is capable 

of developing in Cu. Sonorensis, the North American biting midge.  

 

1.6 Reservoir hosts  
Infectious diseases of humans can be divided into two big groups according to the source 

of pathogen: zoonoses and anthroponoses. For leishmaniases, the zoonotic cycle is typical 

as parasites circulate between animal hosts (mainly rodents and canines) and vectors, while humans 

are only accidental hosts. However, the anthroponotic cycle is also present in some regions with 

a high prevalence, usually with L. tropica and L. donovani as causative agents [56]. 

A basic premise for identifying the reservoir host of pathogen is that it occurs in 

the endemic localities, supports long term parasite survival, and may serve as a source of infection 

to vectors. In most cases, true reservoirs do not show serious signs of infection or are asymptomatic 

thanks to the long-term evolutionary development of the parasite-host relationship, which also helps 

the parasite to survive for long periods of time in the host body, as a commensal rather than 

a parasite [57].  

Other criteria must be carefully interpreted and are often modified to account for specific 

differences between endemic localities and causative species. The list of criteria is dynamic and varies 

regarding to authors opinions. For example, Ashford suggested that reservoirs should form a large 

mammalian biomass in region and lives long enough to surpass the “non-transmission season” [57]. 

Silva et al. claim that the prevalence must be above 20%, which is also highly questionable since 

these statistics can be biased by the sampling method or depending on the season of capture [58]. 

In recent years the distinction between so-called ‘source hosts’ and “sink hosts” has been widely 

accepted. The source host can serve as a source of infection to vectors that transmit pathogens 

to other individuals and sinks can be infected, but they do not spread the parasites [59]. The potential 

for “source or sink” can be tested in laboratory experiments, called xenodiagnoses, where 

experimentally infected or captured animals are exposed to naïve vectors to test whether parasites 

can be transmitted [27]. 

 

1.7 Animal model organisms 
As already described, leishmaniases cannot be understood as a standard disease with well specified 

signs and course of infection; more precisely, it is a group of diseases caused by similar organisms. 

There are huge differences even between symptoms caused by the same parasite strain in various 

hosts. A good animal model should mimic the desired group of pathological features and 

immunological responses observed in humans when exposed to different parasite species/strains, 

therefore a wide range of model organisms should be used [60].  
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The laboratory mouse (Mus musculus domesticus) is the most exploited animal model 

in the biological and biochemical field. These mammals are easy and unexpensive to maintain and 

there is an immense variation of inbred strains with different, but well defined spectre of traits 

enabling huge scope of experiments [61]. Research in mice, for example, has enabled the role 

of various cytokines, immune cells, mechanisms of resistance or disease course to be discovered [62], 

but it has also played a major role on “the other side of the circle’ by revealing the role of sand fly 

saliva before and after parasite inoculation [63], [64]. 

On the other hand, the greatest strength of inbred models is also their greatest weakness. In nature, 

parasites are exposed to huge host variability and inbred strains cannot cover the whole spectrum 

of signs, therefore polymorphic or especially wild rodents are valuable models that more precisely 

mimic the natural situation thanks to their genetic polymorphism [62].  

Guinea pigs are also often used as a laboratory model for biological/biochemical research, 

but their use in field of leishmaniases is limited since they have so far found susceptible only 

to infection caused by L. enriettii that causes cutaneous lesions with healing phenotype [65]–[69]. 

In recent years, Chinese hamsters (Cricetulus griseus) are becoming popular model animals 

in the leishmaniases field. These rodents were first used in 1930’s [70]–[72] and they were described 

as extraordinarily susceptible to infection with histopathological signs similar to those of humans. 

Afterwards, they have been neglected as model animals, although they are commercially available 

and easy to maintain. In recent years, they were used to study visceral leishmaniasis caused by L. 

donovani and cutaneous leishmaniasis caused by L. major [73]. Similarly to Chinese hamsters, steppe 

lemmings (Lagurus lagurus) have also been found extremely susceptible to visceral leishmaniasis 

caused by L. donovani and L. major, suggesting a huge potential for future studies [73].  

As previously written, wild, genetically polymorphic animals are becoming more important 

in research due to their better imitation of the real situation. Ideally, animals that serve as reservoir 

hosts for leishmania are used as models. These organisms allow us to study the natural dynamics 

of infection and the parasite-host relationship. In reservoir hosts, parasites often cause very mild 

symptoms or the infection is asymptomatic, although parasites can be found in organs exposed 

to vector bites; this contrasts with classical models like BALB/c mice, where parasites usually cause 

serious pathological symptoms and multiply in tissues to unnatural densities. On the other hand, 

most of the wild rodents are not commercially available and their breeding is difficult, so only 

a limited number of species have been studied, such as Sigmodon hispidus, Trichomys laurentius, 

Peromyscus yucatanicus [62], Arvicanthis niloticus and A. neumanni [74] or Meriones shawi [75].  
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1.8 Mundinia 
Review summarizing basic information about the subgenus Mundinia is one of publications included 

in these theses, nevertheless it is good to mention here some more details. 

Mundinia is the most recently described Leishmania subgenus [6], currently consisting of six species. 

While L. enriettii, L. macropodum, and L. procaviensis are parasites of wild mammals [55], [66], [76], 

the other three species, L. martiniquensis, L. orientalis, and L. chancei, can also infect and cause 

disease in humans [77]–[79]. These parasites are found on all continents except Antarctica, which is 

hypothesised to be caused by their ancestral origin and spread after the breakup of Gondwana [80].  

Leishmania enriettii, a parasite isolated only from domestic guinea pigs in Brazil, was 

discovered in 1948 [66]. The long-time gaps and geographical diversity between individual cases 

contributed to the fact that natural reservoirs and vectors are still unknown even 80 years after 

parasite discovery. These parasites cause cutaneous and visceral forms of leishmaniases in guinea 

pigs Cavia porcellus and golden hamsters Mesocricetus auratus [65], [67], [81]. The identity of vectors 

remains uncertain, but general knowledge about Mundinia and works published by Seblova [81] and 

Dougall [3] suggest that biting midges may play a major role in their transmission in nature, but 

the involvement of sand flies living in endemic localities like Lu. monticola [82] cannot be excluded. 

The same uncertainty exists in the case of natural reservoirs, since experimental infections of mice, 

dogs, rats, Rhesus macaque and wild guinea pigs Cavia aperea have failed [66]. 

Leishmania macropodum is the only known leishmania from Australia and, unlike other 

Mundinia, causes the mucocutaneous form of the disease with lesions spontaneously healing over 

time [55], [83]. The most probable vectors are biting midges of the genus Forcipomyia (Lasiohelea), 

since heavy mature infections were observed in a wild-caught defecated specimen [3]. These 

parasites were discovered in captive red kangaroos Macropus rufus and later isolated from other 

kangaroo species kept in captivity (Macropus robustus woodwardi, Macropus bernardus, and 

Macropus agilis agilis), so the involvement of wild kangaroos in parasite circulation is very probable. 

The last animal-infecting species is L. procaviensis, isolated from hyrax (Procavia capensis) 

in Namibia [76], [84]. 

Three other Mundinia species, L. martiniquensis, L. orientalis, and L. chancei, can infect 

humans. Symptoms range from a single spontaneously healing cutaneous lesion to a visceral form, 

depending on the species/strain of the parasite and endogenous host factors. Leishmania 

martiniquensis was first isolated from an HIV-positive human on the Martinique island [85], but most 

human cases were reported from Thailand [86]. The pathogenicity of this species is not limited 

to HIV-positive patients, since it has also been isolated from an HIV-negative patient and caused 

a single cutaneous lesion [87], and asymptomatic infections are assumed to be present 

in immunocompetent individuals [88]. However, the majority of the described symptomatic cases are 
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from the HIV-positive community [89]–[91] . The parasites have also been isolated from cutaneous 

lesions of horses in Florida, Germany, Switzerland, the Czech Republic, and cows from Switzerland 

[92]–[94]. Due to geographical and host differences, searching for reservoir hosts and vectors is 

difficult. Based on data acquired so far, we assume the involvement of domestic and wild cattle or 

rodents. In the case of vectors, it seems most likely that, as with other Mundinia, biting midges are 

the responsible agents, but we cannot rule out local sand fly species [95]–[98]. 

Leishmania orientalis has so far been isolated only from humans. Although there are not 

many described cases, the true prevalence is probably higher, since research in a HIV-positive 

community in Trang province (Thailand) revealed a 25% prevalence of leishmaniases caused mainly 

by L. martiniquensis and L. orientalis, although most infections are asymptomatic, even in HIV-

positive patients. Natural reservoirs and vectors are unknown, but most probably, biting midges play 

the major role in the circulation of these parasites since L. orientalis DNA was detected in Culicoides 

species and development of L. orientalis was also observed in laboratory experiments [86], [99], 

[100]. 

The last currently described species is Leishmania chancei, causing self-healing 

cutaneous leishmaniasis in children, young people and newcomers in the Volta region of Ghana, 

where more than 8000 cases have been recorded. In the native language, the disease is called 

„agbamekamu”, which can be translated as „a gift from somebody who has returned from a journey” 

because locals believe the disease was brought from neighbouring Togo with the new arrivals. With 

respect to the identity of the natural reservoirs and the vectors, the same uncertainty applies here as 

with other Mundinia species [79], [101].  

2. Objectives 
Mundinia is the most enigmatic of all the Leishmania subgenera. It’s widespread distribution and 

large range of potential hosts and vectors bring many questions for researchers. The topic of this 

thesis is to illuminate some aspects of the biology of these parasites. We focused on establishment 

of mammalian laboratory models for the study of Mundinia and on laboratory testing of various 

vector species that can be maintained in the insectary of the Department of Parasitology. 

1) Establishment of laboratory models for Mundinia research. A good model animal should 

mimic similar pathological signs and immune response to the parasite species present 

in humans. The immune response against the same parasite species varies in different 

organisms and the mechanisms described in the standard inbred mouse model are not 

universally applicable, so the only way to find a proper model organism is to study a wider 

range of potential models. We, therefore, decided to compare the development of Mundinia 

in four rodent species: the classic BALB/c mouse and guinea pigs (Cavia porcellus) models and 
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not commonly used Chinese hamsters (Cricetulus griseus) and steppe lemmings (Lagurus 

lagurus). We also tested rodent species Mastomys natalensis and Arvicanthis niloticus, 

abundant in endemic sites, for their reservoir potential for L. chancei. 

2) Comparison of Mundinia in various insect species. While Leishmania and Viannia are 

certainly transmitted by phlebotomine sand flies (Diptera: Phlebotominae), there is 

lack of data on natural vectors of Mundinia. Biting midges (Diptera: Ceratopogonidae) most 

likely play an important role in their circulation, but local sand fly species cannot be ruled out. 

Therefore, we decided to test under laboratory conditions the vector capacity of sand flies, 

which are available in our insectary and share the same geographical distribution as 

Mundinia; and also to test the vector capacity of biting midges Culicoides sonorensis, which 

were available from breeding colony in England.  
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4. Summary and Discussion  
The experiments and results in these theses summarise data from independent projects leading 

to one common goal: to deepen our knowledge of Mundinia biology. Over the past few years, I have 

focused on this enigmatic subgenus and have tried to develop strategies to increase their 

understanding. Together with other team members, we have performed a number of experimental 

infections of animals and insects in the hope of describing proper mammalian and insect laboratory 

models for research on these parasites.  

In mammalian infections, we decided to use intradermal inoculation of culture-derived 

parasites, which most closely resembles the natural mode of transmission, because the parasites are 

exposed to immune cells localised in skin immediately after inoculation. It would be optimal 

to inoculate mammals with a low dose of parasites derived from sand flies and to co-inoculate 

homogenate of salivary glands of vectors [73], [74], [102], but since the vectors are unknown, we 

decided to keep the classical and simple method of infection (inoculation of culture-derived 

parasites). We used a higher infectious dose (107 parasites/rodent) compared to the natural situation 

because there was a lower percentage of infectious metacyclic stages in culture compared to 

the thoracic guts of the vectors and also because infection-enhancing factors present in the midgut 

and salivary glands of sand flies were not added [13], [103], [104]. After inoculation, we followed 

similar experimental schemes for all species tested. We divided the animals into two groups; the first 

was used for xenodiagnostic experiments to test animal infectiousness to sand flies at regular time 

intervals, and the second group was left without any interventions. Throughout the experiment, 

the animals were checked for external signs of infection. At the end of the experiment, the animals 

were killed, dissected and the parasite load and distribution in the tissues were evaluated by PCR and 

qPCR.  

In the first study, we tested the susceptibility of guinea pigs to all currently known 

Mundinia. They were chosen because, along with golden hamsters, they were the only known non-

human mammalian hosts suitable for laboratory experiments with Mundinia. Previous studies and 

case reports from endemic localities have shown that L. enriettii infection in guinea pigs results 

in cutaneous lesions at the site of inoculation, which may heal spontaneously, or, when infected with 

more virulent strains, dissemination throughout the body may occur and symptoms of visceral 

leishmaniasis may appear [65], [66], [81], [105]. In our experiments, we aimed to confirm 

the susceptibility of guinea pigs to L. enriettii and to extend the spectrum of parasite species that can 

be studied in these mammals. We used three guinea pigs for each species tested, L. enriettii, L. 

macropodum, L. chancei, L. orientalis, and two strains of L. martiniquensis (MAR1 and Cu1R1), and 
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inoculated parasites into both ears to minimize the number of animals used with maximum 

throughput.  

In all guinea pigs infected with L. enriettii, dry lesions appeared at the site of inoculation 

between the 2nd and 3rd week p.i., were enlarged by the 5th-6th week p.i. and then healed 

spontaneously by the 8th-12th week p.i. In accordance with the results previously published 

by Seblova et al. [81], animals were significantly more infectious in xenodiagnoses performed at week 

4 p.i. (9/16 positive pools) than by week 8 p.i. (1/16 positive pools). At week 12, at the end 

of the experiment, no pathological signs of infection were observed on the ears and no parasite DNA 

was detected in any of the tissues tested. This course of infection shows, that parasites are capable 

of infection and temporary development in guinea pigs, but they are suppressed and destroyed 

by immune system after certain period of time. On the other hand Thomaz-Soccol [67], observed 

non-healing phenotype in naturally infected animals where all specimen died in the end. These data 

illustrate different pathogenicity and behaviour of various strains and also influence of experimental 

scheme on the output of experiment. Temporary erythema was observed in animals infected with L. 

martiniquensis (MAR1) between weeks 4 and 8 weeks p.i., but no further development of skin 

changes or infectiousness to sand flies was observed. The last parasite species that was capable 

to cause pathological changes in the ears was L. orientalis, which at 3-4 weeks p.i. caused 

a erythematous spot in the ears similar to L. martiniquensis, but unlike L. martiniquensis, this spot 

nodulated and later turned into a dry lesion surrounded by a purple skin macula. These pathological 

changes healed spontaneously at 7-8 weeks p.i. Interestingly, no positive sand flies were observed 

at any time point during xenodiagnoses and no parasite DNA was present in the post mortem PCR. 

Guinea pigs infected with other parasite species (L. macropodum, L. chancei, and L. martiniquensis 

Cu1R1) showed no signs of infection throughout the experiment and no parasite DNA was observed 

in the tissues.  

In summary, we have demonstrated that guinea pigs are susceptible to L. enriettii under 

laboratory conditions and that L. martiniquensis and L. orientalis can temporarily survive and develop 

skin changes at the inoculation site, but cannot disseminate through the body or be a source 

of infection for vectors.  

In the second study, we tested the susceptibility of Arvicanthis niloticus and Mastomys 

natalensis to Leishmania chancei. These wild mammals have a good potential to be reservoirs of L. 

major [74], and since they live in high population numbers in endemic localities, they were suspected 

as potential reservoir hosts also for L. chancei. We used the same experimental design as for guinea 

pigs with a difference in duration of the experiment (20-25 weeks instead of 12 weeks). 

Xenodiagnoses were performed every five weeks, but no positive sand flies were observed. At the 

end of experiment, all A. niloticus samples were negative for the presence of parasite DNA.  
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The animals also showed no external signs of infection during the experiment. In M. natalensis, 

although all xenodiagnoses were negative, low numbers of parasites were found in the inoculated ear 

and its draining lymph nodes, the contralateral ear and the forepaws of one animal, suggesting 

dissemination through the skin, but no pathological cutaneous symptoms were observed in this or 

any other animal. Additionally, the weight gain of the animals was significantly lower compared to 

the control group. These findings support the hypothesis that A. niloticus is not involved in circulation 

of L. chancei, but we can’t exclude the possible involvement of M. natalensis. We also need 

to consider the possibility of different parasite development in these mammals when infected with 

other strains, the mode of inoculation or the possibility that parasites simply need a longer time 

to overcome immune barriers and successfully multiply in the host. 

After experiments with guinea pigs and wild rodents, we decided to test the susceptibility 

of the most used laboratory animal in biological and biochemical research, BALB/c mice, which are 

a well-described model for, for example, L. major [106]. We also decided to test two of less 

established model rodent species, steppe lemmings (Lagurus lagurus) and Chinese hamsters 

(Cricetulus griseus), mainly because they have been previously found highly susceptible to L. major 

and L. donovani [73]. Unlike inbred BALB/c mice, these wild rodents are genetically polymorphic and 

they better mimic a true situation in nature. We used the same experimental scheme and 

intradermally inoculated 10 individuals of each rodent species with 107 culture-derived parasites of 8 

Mundinia strains covering 5 species: L. enriettii, L. macropodum, L. chancei, L. orientalis, and 4 strains 

of L. martiniquensis (one isolate from a horse from the Czech Republic (Aig1) and three human 

isolates from Martinique (MAR1) and Thailand (Cu1R1, Cu2), respectively. The experiment lasted 20 

weeks and xenodiagnoses were performed every 5 weeks.  

While, BALB/c mice showed no pathological signs of infection, were not infectious to sand 

flies, and parasites were not present in any of animals tested, Chinese hamsters and steppe lemmings 

appeared susceptible to infection. Chinese hamsters showed no external signs of infection but were 

infectious to sand flies throughout the experiment by L. chancei, L. orientalis and L. martiniquensis 

(MAR1, Cu1R1 and Cu2) and in weeks 5-15 p.i. for L. enriettii. Animals in these groups were also 

tested positive for parasite DNA by the end of the experiment, although only low number of parasites 

(<1000 per organ) was detected in the tissues. Parasites were present mainly in the inoculated ears, 

but rarely in draining lymph nodes of inoculated ears and hind paws. Animals infected with L. 

macropodum and L. martiniquensis Aig1 were negative for parasites. The highest proportion 

of inoculated ears was positive in L. martiniquensis Cu2 (80%), followed by L. orientalis (40%), L. 

chancei and L. martiniquensis Cu1R1 (30%), L. martiniquensis MAR1 (20%) and L. enriettii (10%). 

These data suggest that in some Mundinia species, Chinese hamsters can be used as a model 

for asymptomatic infection. No pathology seems to be prevail in hosts infected by Mundinia 
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in the wild as no symptomatic wild animals have been ever described, and also most human 

infections in Thailand are asymptomatic, even in HIV-positive community [86].  

Steppe lemmings were found to be highly susceptible to all tested Mundinia species and 

infections were symptomatic in some individuals. Rodents were often infectious to sand flies 

throughout the experiment, parasites disseminated through the body of the animals and heavy 

infections (over 10,000 parasites/organ) were described. Symptoms of infection varied from 

asymptomatic to visceral, both between groups and within the same group. Interestingly, only 

animals used for xenodiagnoses developed skin lesions, which supports the hypothesis published 

by Vojtkova et al. [64] that sand fly bites enhance the progression of infection.  

All steppe lemmings infected with L. enriettii were positive at the end of experiment (100% 

of inoculated ears, 30% of draining lymph nodes of the inoculated ear, 10% of forepaws, hind paws, 

and spleens) and even though only low or moderate loads were detected (maximum 2,4x104 

parasites/organ), a high proportion of positive pools of xenodiagnoses were found (more than 85% 

from week 10 p.i.). As already mentioned, animals that were not used for xenodiagnoses remained 

asymptomatic. In the other rodents, swelling and dry lesions on the ears appeared from week 8-9 p.i. 

and persisted until the end of experiment. Steppe lemming are, after guinea pigs and golden 

hamsters, the third species that have been shown to be susceptible to this enigmatic Leishmania. 

Based on these results, we support hypothesis that L. enriettii circulates in nature in wild rodents and 

domestic guinea pigs are only incidental hosts [107].  

Leishmania macropodum did not cause any signs of infection even in the xenodiagnosed 

group, but parasites were found in 33% of inoculated ears (xenodiagnosed group only) and in the tail 

of one animal (non-xenodiagnosed group), and steppe lemmings were infectious to sand flies at week 

5 p.i. (11%) and at week 20 p.i. (33%). Even though infection rates were low, steppe lemmings are 

the first animals, other than kangaroos, that have been shown to be susceptible to L. macropodum. 

This species was thought to be restricted to marsupials, but field studies targeting natural reservoirs 

should obviously include rodents as well. The dynamics of xenodiagnoses positivity suggest that 

parasites are capable to infecting the host, then are temporarily suppressed by the immune system, 

but later overcome immunological barriers and start to progress and multiply. Thus, experiments 

of longer duration would be needed to show the true dynamics and potential of L. macropodum 

development in rodents. 

 Steppe lemmings infected with L. chancei showed a mixture of cutaneous and visceral 

symptoms. One animal developed a lesion leading to partial destruction of the inoculated ear from 8 

weeks p.i. to 13 weeks p.i., and two other animals were observed to have loss of hair on the 

abdomen at weeks 10-12 p.i., one of which died 3 weeks after the appearance of these symptoms. All 

other animals remained asymptomatic. In contrast to L. enriettii and L. macropodum, these parasites 
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often spread through the body of hosts, but the number of parasites detected were low or moderate 

(less than 2500 per organ). Steppe lemmings are the first documented animals susceptible to L. 

chancei, as there has been very limited scientific work on this parasite species. Even though steppe 

lemmings may help in research of L. chancei, they cannot serve as natural reservoirs, because their 

geographical distribution do not overlap.  

Leishmania orientalis did not cause any pathological changes on the ears, but it was shown 

to cause severe visceral leishmaniasis in steppe lemmings, when 4/10 animals died during the 

experiment and one more suffered from hair loss. The parasites were widely distributed throughout 

body tissues and inner organs (75% of positive inoculated ears and their draining lymph nodes, 63% 

of forepaws, 50% of spleens and 38% of livers and hind paws). They were also very infectious to sand 

flies at all time points except 10 weeks p.i.  

Last but not least, four strains of L. martiniquensis were tested in steppe lemmings. When 

comparing strains from different hosts and geographical areas, we found high intraspecific variation. 

Equine isolate Aig1, which was not infectious to BALB/c mice or Chinese hamsters, and the human 

isolate Cu1R1 did not cause any pathological changes, but they were infectious to sand flies and 

parasites were detected mainly in inoculated ears (56% for Aig1 and 88% for Cu1R1, respectively). 

On the other hand, human isolates MAR1 and Cu2, from Martinique and Thailand, respectively, often 

visceralised and the Cu2 strain caused serious cutaneous lesions on the ears leading to their 

destruction. All strains were infectious to sand flies and were detectable in a high proportion 

of animals. The tissues and organs most affected by strain MAR1 and Cu2 were inoculated ears (89%), 

draining lymph nodes from inoculated ears (78% and 89%), forepaws (44% and 67%) and spleens 

(66% and 56%). Leishmania martiniquensis is the main pathological agents of visceral leishmaniasis 

in Thailand [108], and steppe lemmings may contribute to the discovery of ways to control and treat 

of leishmaniasis in Southeast Asia. The intraspecific variation in disease manifestation described here 

has also been previously observed in L. major infections [74], highlighting the importance of proper 

selection of the parasite - rodent combination for laboratory studies.  

 

For experimental infections of insects, we used a standard experimental scheme used in our 

laboratory for many years. Culture-derived promastigotes were washed and resuspended in heat-

inactivated rabbit blood at a final concentration of 106 parasites/ml. This suspension was applied to a 

glass feeder and female sand flies or biting midges were infected by feeding through a chicken skin 

membrane. Engorged females were separated and kept under the same conditions as the colony for 

subsequent dissections at various time intervals. We tried to choose sand fly species whose 

geographic distribution overlaps with the respective parasite species. Therefore, Lu. migonei, 

a permissive vector of Leishmania from South America [109], was infected with L. enriettii; P. 
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duboscqi, a natural vector of L. major in Africa [110], was infected with L. chancei and P. argentipes, 

a natural vector of L. donovani in South Asia [111] [112], was infected with L. orientalis and various 

strains of L. martiniquensis. We could not use a species from Australia to test L. macropodum, as 

the local sand flies are not yet colonized, so we used the permissive New World species Lu. migonei.  

 L. enriettii, L. macropodum, or L. chancei did not survive in sand flies up to late-stage 

infections. After a successful early infection, when parasites were present in sand fly guts during 

bloodmeal digestion, we observed a rapid decline of parasites with defecation of blood remnants that 

usually led to their complete disappearance from the guts. If parasites were present, they were in low 

numbers and localized in the hindgut only. 

 Experiments with P. argentipes infected with L. orientalis and L. martiniquensis were more 

successful. These two parasite species were able to survive defecation, and to colonize the stomodeal 

valve of sand flies in 20% and 7% of sand flies infected with L. martiniquensis MAR1 and L. orientalis, 

respectively. Interestingly, in L. martiniquensis, a strain originating from a different part of the world 

(Martinique) infected female P. argentipes and developed late-stage infections, whereas strains 

originating from the same area as the sand flies (Thailand) did not. In subsequent experiments, we 

tested the ability of P. argentipes to transmit parasites to a naïve host by bite 8-11 days post infective 

blood meal, sand flies were allowed to feed on anesthetized naïve mice. The mice were immediately 

killed and PCR was performed to detect the presence of parasite DNA in sampled tissues. In the sand 

fly experiments, all attempts failed, although the parasites were present in the stomodeal valve.  

 

The paradigm that sand flies are the sole vectors of leishmania has been taken as a dogma 

for decades, but the last few years have shown that biting midges can also serve as vectors of these 

parasites. First, Dougall et al. [3] found late-stage L. macropodum infections in biting midges of the 

genus Forcipomya (Lasiohelea) and then Seblova et al. [81] succeeded in infecting C. sonorensis with 

L. enriettii and L. macropodum. More recently, these midges were also shown to promote the 

development of L. orientalis [100]. Therefore, we decided to test susceptibility of C. sonorensis 

to other Mundinia species and to verify their vector potential by transmission experiments to a naïve 

host. The possible involvement of biting midges is particularly important mainly in the case of L. 

martiniquensis which is also found in central Europe [93], [94] where sand flies occur sporadically or 

not at all [113].  

In our experiments, we observed successful late stage infection of C. sonorensis with all 

tested species of the genus Mundinia, although L. enriettii and L. macropodum were present only in 

a very low percentage of bloodfed females (5% and 7%, respectively). In experiments with the other 

three Mundinia species, we found heavy late stage infection in relatively high proportions (69% in L. 

martiniquensis Cu2, 63% in L. orientalis and 40% in L. chancei), associated with the presence 
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of infective metacyclic stages. This, together with successful transmission to the mouse, strongly 

supporting the hypothesis of the involvement of biting midges in the circulation of these parasites.  

In a future project, we would like to perform experimental transmission from biting midges 

to steppe lemmings to see if the transmitted parasites cause disease in naïve hosts and if these hosts 

are infective to the vectors. If our findings are confirmed by field research, this may in the end lead 

to a redefinition of the Leishmania genus where sand flies are considered the sole vectors or 

to reclassification of the subgenus Mundinia to a separate genus [76]. 

 

In summary, our work led to the enrichment of the spectrum of model animals useful for 

Mundinia research; two rodent species, Chinese hamsters and steppe lemmings, have been proven 

to be susceptible to these parasites. These experiments have also shown that all Mundinia species 

can successfully develop in rodents and be infectious to vectors, shedding some light on the question 

of natural reservoirs, since until now the identity of the animals maintaining their circulation has 

been a complete mystery. Rodents are among the prime interest, as well as being one of the most 

common hosts of other leishmania subgenera.  

We have also shown that biting midges can transmit parasites to the naïve hosts, which 

strongly support hypothesis of their major role in spread and circulation of Mundinia parasites. 
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