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4.1 Introduction

In this chapter, we will introduce just a few of the kinetoplastid parasites that are
important in human and veterinary medicine. This is a remarkable group of protozoa that
includes parasites of plants, invertebrates, and vertebrates. Their transmission strategies
range from contamination to vector assisted and sexually transmitted. We do not usually
think of algae as parasitic organisms but there are a few that have adopted this lifestyle
and some even parasitise us. This should not come as a surprise as several notorious
protozoan parasites, such as Plasmodium, probably evolved from algal ancestors. The fungi
have a Kingdom of their own and are normally considered the preserve of mycologists.
However, the microsporidia are something of a special case. Originally classed as protozoa,
they fell within the remit of parasitologists. Now, their subsequent reclassi ication as fungi
presents parasitologists with a bit of dilemma. Namely, do they still belong within
parasitology textbooks when yeast infections etc. are irmly excluded? At the time of
writing, the classi ication of the Microsporidia is being called into question again, and
therefore, we feel justi ied in including them here.



4.2 Phylum Kinetoplastida

The Kinetoplastida is a large diverse group of protozoa that includes both plant and animal
parasites (Table 4.1). Some authors consider the Kinetoplastida to be a phylum, while
others refer to it as a class or an order. They are commonly known as the trypanosomes
from the genus Trypanosoma that includes the causative agents of Human African
Trypanosomiasis (HAT) and several other parasites of medical and veterinary importance.
The genus name Trypanosoma derives from the Greek words trypano ( tpvmavo ) = an
auger [a device for boring holes in wood] and soma ( cwua ) = body that refer to their
corkscrew-like locomotion. Magez and Radwanska (2014) provide a comprehensive review
of all aspects of trypanosome biology and their transmission.



Table 4.1 Examples of kinetoplastid parasites of medical, veterinary, and agricultural

importance and the diseases they cause.

Genus Example Host
Leishmania Leishmania Humans,
donovani dogs, rats
Leishmania Humans,
major monkeys,
dogs,
rodents
Leishmania Humans,
tropica monkeys,
dogs,
rodents

Leishmania Humans,

braziliensis sloths,
monkeys,
opossums,
and many
others

Trypanosoma Trypanosoma Humans
brucei
gambesiense

Trypanosoma Cattle

congolense
Trypanosoma Horses
equiperdum
Trypanosoma Humans,
cruzi dogs, cats,
rats, and
many
others

Phytomonas Phytomonas Coconut
staheli palms

Vector/transmission Disease

Phlebotomus sand lies Kala-azar (visceral
leishmaniasis)

Phlebotomus sand lies Cutaneous leishmaniasis

Phlebotomus sand lies Cutaneous leishmaniasis

Lutzomyia sand lies  Cutaneous/mucocutaneous
leishmaniasis

Tsetse lies (Glossina  African trypanosomiasis

spp.) (sleeping sickness)
Tsetse lies (Glossina  African trypanosomiasis
spp.) (nagana)

venereal Dourine

Triatomid bugs Chagas disease

Lincus lobuliger Hartroot

(Pentatomid bug)

The Kinetoplastida are characterised by their possession of a lagellum and a unique
intracellular structure called a kinetoplast (Eigure 4.1). The kinetoplast is a disk of
interlocking DNA circles (KDNA) located within a large mitochondrion. The structure of
kinetoplast DNA is unlike that found in any other organism and its complex replication
involves special proteins (da Silva et al. 2017). It may therefore be possible to design drugs
to interfere with the replication of kinetoplast DNA. The position of the mitochondrion is
such that the kinetoplast is just underneath the kinetosome that is itself situated
underneath the base of the lagellum. The kinetosome (sometimes called the basal body),
is a structure found in many organisms and is homologous with the centriole; it is involved
in the formation of the lagellum. The Kinetoplastida always have a lagellum that may be



long and free, incorporated into the cell surface to form an undulating membrane, or small
and enclosed within a pocket. The inner core of the lagellum is the axoneme. Alongside
this, and connecting to it, is the paraxial rod that consists of a lattice-like crystalline array
of structural proteins. In the promastigote, epimastigote, and trypomastigote stages, the

lagellum emerges at the anterior end of the cell and therefore acts as a propeller that pulls
the cell along rather than pushing it from behind (Eigure 4.2).

Figure 4.1 Diagram of a typical trypanosome. Kp: kinetoplast; Ks: kinetosome; F:
lagellum; Mit: mitochondrion; Gly: glycosome; N: nucleus; Lys: lysosome; Um: undulating
membrane.

(a) (b) (c) (d)

(¢
\
\

v

Figure 4.2 Morphological forms of trypanosomes. (a) Trypomastigote. (b) Epimastigote.
(c) Promastigote. (d) Amastigote. The lagellum pulls the cell forwards rather than pushes
it from behind. Arrows: direction of movement.

The Kinetoplastida have a unique organelle called the glycosome. This may be related to
the peroxisomes (which they do not have) found in other organisms. The glycosomes are
about 0.25 uym in diameter and contain glycolytic enzymes that are normally present in the



cytoplasm of other organisms. The bloodstream forms of trypanosomes are extremely
metabolically active and soon die if they run out of glucose to metabolise. The glycosomes
are the site of glucose metabolism, and therefore, like the kinetoplast DNA, they are a
potential target for antiparasitic drug design.

Many species within the Kinetoplastida are only parasitic in insects. For example, members
of the genus Leptomonas live in the gut of various insects including blood-feeding reduviid
bugs (Kaufer et al. 2017). Because they have only a single host, these species are referred
to as monoxenous although there are rare case reports of human infections in patients who
are HIV+ve. There are also accounts of Leptomonas co-infections with visceral
leishmaniasis and post kala-azar dermal leishmaniasis caused by Leishmania donovani
(Thakur et al. 2020).

Many of the Kinetoplastida alternate between an invertebrate host such as a blood-feeding
insect or leech, and a vertebrate host with development occurring in both. Parasites that
have more than one type of host are called heteroxenous. Heteroxenous Kinetoplastida
species often express two or more morphological forms with one form present in the
invertebrate and the other in the vertebrate (Table 4.2). Some members of the
Kinetoplastida exhibit sexual reproduction, or something similar (Berry et al. 2019; Gibson
and Peacock 2019), but it is uncertain whether it is a widespread phenomenon in the
group.

4.2.1 Genus Leishmania

Members of the genus Leishmania exhibit two distinct morphologies: the amastigote form
that occurs in the vertebrate host, and the promastigote form that occurs in the
invertebrate vector. The vertebrate hosts are mostly mammals, whilst the invertebrates are
various species of sand lies. Those species parasitic in reptiles belong to the subgenus
Sauroleishmania and do not cause zoonotic infections. Perhaps counter-intuitively,
molecular evidence indicates that the Leishmania evolved in the Neotropical regions
during the Mesozoic era as parasites of mammals and those species parasitizing reptiles,
the Sauroleishmania, subsequently evolved from them (Noyes et al. 2000).



Table 4.2 Morphological forms of Kinetoplastida parasitic in humans and domestic
animals.

Morphological Description Example
form
Amastigote Kinetoplast and kinetosome above the nucleus, Leishmania
lagellum short and con ined in pocket. Cell shape donovani inside
globular vertebrate
macrophage
Trypanosoma
cruzi in human
spleen, liver,
muscle, and other
cell types
Promastigote  Kinetoplast and kinetosome at anterior end of cell,  Leishmania
lagellum free, and long. Cell shape elongate donovani in
sand ly gut
Epimastigote  Kinetoplast and kinetosome close and anterior to the Trypanosoma
nucleus. There is a short undulating membrane cruzi in triatomid

before the lagellum emerges at the anterior of the gut
cell. Cell shape elongate

Trypomastigote Kinetoplast and kinetosome at posterior end of cell.  Trypansoma cruzi
Flagellum forms an undulating membrane that runs  in human
the length of the cell and may continue free when it  bloodstream
reaches the anterior end. Cell shape elongate

Trypanosomes that are parasitic insects exhibit other morphological forms, such as
choanomastigote, opisthomastigote, and paramastigote.

Table 4.3 Taxonomic divisions within the genus Leishmania.

Genus Subgenus Disease Example
Leishmania Leishmania Visceral Leishmania donovani phenetic
complex
Leishmania infantum phenetic
complex
Old World Leishmania major phenetic complex
cutaneous Leishmania tropica phenetic complex
New World Leishmania mexicana phenetic
cutaneous complex
Viannia New World Leishmania braziliensis phenetic
complex

Sauroleishmania Lizard leishmaniasis Leishmania tarentolae

The taxonomy of the genus Leishmania is complex, and it is extremely dif icult or
impossible to distinguish many of them from their morphology using a light microscope.



Lainson and Shaw (1987) comprehensively reviewed the genus and molecular and
phylogenetic studies have largely supported their proposals for how it should be divided
(Table 4.3). However, agreement concerning the status of several species is far from
complete, and there remain uncertainties about many aspects of the evolution of the
Leishmania — see Schonian et al. (2018) for further details. Lainson and Shaw (1987)

identi ied two subgenera: Leishmania and Viannia. In the subgenus Leishmania, the
parasites begin their development in the sand ly vector’s midgut and then move forward to
the pharynx. The sand ly then injects the parasites into the vertebrate host when she feeds.
By contrast, in the subgenus Viannia the parasites begin development in the vector’s
hindgut and then move forward to the pharynx.

Those species within the subgenus Viannia (e.g., Leishmania braziliensis, Leishmania
peruviana, Leishmania guyanensis, Leishmania panamensis) are restricted to South America
and are primarily responsible for cutaneous disease. Species belonging to the subgenus
Leishmania (e.g., Leishmania donovani, Leishmania major, Leishmania infantum, Leishmania
tropica, Leishmania mexicana) have representatives in both the New World and the Old
World and include agents of both visceral and cutaneous disease. Because of the dif iculties
associated with identifying the parasites and the diversity of the pathologies they cause,
there is a tendency to refer to Leishmania phenetic complexes. That is, a species exhibits
various phenotypes that may or may not relate to underlying genotypic differences. In
addition, some species hybridize, and this can affect their subsequent transmission and
pathology. For example, hybrids between L. infantum and L. major have greater
transmission potential (Volf et al. 2007).

Present day members of the genus Leishmania are responsible for a great deal of morbidity
and mortality in us and some cause serious disease in domestic and wild animals. There is
even a suggestion that ancestral versions of Leishmania (with help from some other
parasites) killed off the dinosaurs (Poinar and Poinar 2008). However, this theory has not
gained a lot of support and most scientists continue to blame a meteorite. In humans,
leishmaniasis exists as a complex of diseases caused by various species of Leishmania.
While it is convenient to group those species of Leishmania, which invade organs as
‘visceral’ and those which affect the outer body surface as ‘cutaneous’, the distinctions are
far from clear. For example, L. donovani is normally associated with the development of
visceral leishmaniasis, but it can become cutaneous — as in the development of post kala-
azar dermal leishmaniasis (see later). Similarly, L. tropica usually causes cutaneous
leishmaniasis but can infect the viscera. Some 12 million people are infected with
cutaneous leishmaniasis, which leaves long-lasting sores, and a further 500,000 with the
potentially fatal visceral leishmaniasis of whom up to 80,000 die every year. The incidence
of HIV/Leishmania co-infections is also increasing and a serious cause for concern.

4.2.1.1 Leishmania Life Cycle

In the vertebrate host, Leishmania exists in the amastigote form (2.5-5 pym) within
mononuclear phagocytes and in particular the macrophages (Eigure 4.3). These are a sub-
group of the leukocytes (white blood cells) that have an essential role in the immune
response in which they phagocytose and destroy foreign organisms. The parasites multiply
by binary ission within a phagocyte until the host cell is destroyed after which they are
released to be ingested by, and subsequently invade, new phagocytes (Eigure 4.4).
Transmission is normally by female sand ly vectors: only the female sand ly feeds on blood




—the males (Eigure 4.5) are harmless nectar feeders. Parenteral transmission, for example
via contaminated needles or blood transfusion is also possible. Venereal and transplacental
transmission of L. infantum sometimes occurs in dogs (Magro et al. 2017), but at the time
of writing, there was little information on whether it also occurs in other species of
Leishmania or in hosts other than dogs.
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Eigure 4.3 Spleen smear showing Leishmania donovani amastigotes infecting
macrophages. Many of the infected cells have burst and released the parasites. Owing to
the small size of the amastigotes, it is extremely dif icult to distinguish between Leishmania
species using a light microscope.
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Figure 4.4 Generalized life cycle of Leishmania spp. The parasite exists in the promastigote
form (PM) in the sand ly vector and the amastigote form (AM) in the mammalian host.
Some Leishmania species infecting humans are zoonotic and infect other mammals such as
dogs and rodents. 1: An infected sand ly injects promastigotes when it feeds, and these are
taken up by macrophages and other mononuclear phagocytes. Within these cells, the
parasite is enclosed within a phagosome. Here, it transforms into the amastigote form and
reproduces asexually. Eventually, the host cell is destroyed, and this releases amastigotes
that infect other cells. A sand ly becomes infected when it ingests blood containing infected
phagocytes. After reaching the sand ly midgut, the parasites transform to the promastigote
stage, reproduce asexually and undergo several morphological changes and migrations
within the gut. 2a: In species belonging to the subgenus Leishmania, the promastigotes
move to the anterior midgut (amg) and then to the stomadeal valve (sv). 2b: In species
belonging to the subgenus Viannia, the parasites irst move the posterior midgut (pmg)
and then forward to the stomadeal valve. In both subgenera, the parasites are ejected when
the ly attempts to feed. For further details, see text. Drawings not to scale.

The sequence of development within the sand ly vector varies slightly between species, but
in all cases involves transformation, replication, and subsequent movement to the anterior
region of the gut. A sand ly acquires an infection when it ingests infected mononuclear
phagocytes during feeding. Like mosquitoes, sand lies are ‘batch processors’ that take in a
large blood meal that is then enclosed within a peritrophic membrane when it enters the
midgut. They hold the blood meal within the midgut and digest it after which the products
are absorbed. There is therefore usually a gap of several days between blood meals. When
the blood meal irst reaches the insect’s midgut, the amastigotes transform to the procyclic



promastigote stage. This occurs in response to the decrease in temperature and increase in
pH. The procyclic stage has a relatively short lagellum, is not very motile, and multiplies by
binary ission within the blood meal. The promastigotes undergo a series of morphological
transformations and multiplications as they move up from the midgut to the region of the
stomodeal valve that marks the boundary between the foregut and the midgut. Along the
way, some of the parasites attach to the lining of the gut and stomodeal valve using their

lagellae, and this attachment is an important part of the life cycle. In those species
belonging to the sub-genus Viannia, most parasites make their way to the pylorus region
(hind triangle) at the posterior of the midgut before moving forward. Unlike Plasmodium
(in which the infective stages invade the salivary glands of the vector mosquito), the
metacyclic stages of Leishmania do not, as a rule, infect the salivary glands of the sand lies.
However, sand ly saliva does play an important role in the transmission process.



Eigure 4.5 Lutzomyia longipalpis adult male; male sand lies have prominent claspers at the
end of their abdomen. Sand lies are small (<4 mm in length), and their wings and body are
covered in hairs. Their palps are very long and fold backwards. In common with many
other nematoceran lies (e.g.,, mosquitoes), they have long legs, and their long antennae
consist of many joints. Only female sand lies consume blood.



How Harming the Vector Facilitates Transmission

On reaching the stomodeal valve, the Leishmania promastigotes secrete a gel-like
substance called promastigote secretory gel, the main component of which is

ilamentous proteophosphoglycan, and some of them transform into the infective
metacyclic promastigote stage (this has a long lagellum and is very active). The gel
physically blocks the gut, and this together with the vast numbers of parasites severely
compromises the ly’s ability to feed. Further compounding this, the parasites also
produce chitinase enzymes that physically damage the peritrophic membrane and
stomodeal valve. Because the insect’s ability to ingest food is impaired, it becomes
hungry thereby increasing its probing and number of visits to hosts all of which
increases the chance of transmission. Physical probing probably does not transfer
many parasites but to ingest food the infected ly must irst expel some of the
promastigote secretory gel. This gel contains numerous infective metacyclic stage
parasites, as well as other non-infective stage(s). The secretory gel also facilitates the
establishment of the infection in the vertebrate host, so it has a dual role in both the
invertebrate and vertebrate host (Giraud et al. 2019).

The transmission mechanism(s) employed by the Sauroleishmania remain uncertain.
Within the sand ly vector, these species tend to remain in the posterior regions of the gut,
and therefore, it is unlikely that transmission occurs when the sand ly feeds. Furthermore,
sand lies do not usually defaecate whilst feeding, so it is unlikely that transmission
resembles that of T. cruzi by triatomid bugs. A third possibility is that the transmission
occurs through the lizards consuming infected sand lies.

Much of the work on how Leishmania establishes and develops within its mammalian hosts
involves mice as model organisms and those few Leishmania species capable of being
cultured in the laboratory. One should therefore be careful of extrapolating from these
studies to the likely behaviour of other Leishmania species and infections in other hosts.
Mice and humans are both mammals, but one cannot assume that their immune systems
react identically to the same infectious agent. Furthermore, leishmaniasis manifests itself
in numerous ways. Therefore, different Leishmania species and strains probably exhibit
variations in the way they establish themselves and interact with the host immune system.
Nevertheless, all species follow a basic pattern of development following their entry into
the blood stream that involves morphological and physiological transformations and
establishment in the mononuclear phagocytes and in particular the macrophages.



How Leishmania Establishes Within Mammalian Phagocytes

After an infected sand ly feeds, mononuclear phagocytes quickly detect and ingest the
promastigotes that enter the blood circulation. Initial attachment of a parasite to a
phagocyte begins at the tip of the parasite’s lagellum via a ligand-receptor process.
The principal ligands are phosphoglycans and the zinc metalloprotease enzyme GP63
(glycoprotein 63) on the surface of the promastigote whilst on the phagocyte, a variety
of complement receptors are involved in the attachment process. After phagocytosing
the Leishmania parasite, a phagocyte holds it within a membrane-bound vesicle called
a phagosome. Lysomes then fuse with the phagosome and discharge hydrolytic
enzymes and microbicidal peptides into it. They also acidify the contents. The
structure then becomes to known as a parasitophorous vacuole or phagolysosome.
Different species of Leishmania cause the formation of different types of
phagolysosomes: those produced by L. mexicana tend to be large and contain many
parasites whilst those formed by L. donovani tend to be much smaller.

The combination of a rise in temperature associated with moving to a mammalian
host and the drop in pH caused by enclosure within a phagolysosome induce the
promastigote to change into the amastigote form. This transformation takes about 1-
4 hours following ingestion and is essential if the parasite is to survive the acidic pH
and hydrolytic enzymes within the phagolysosome. Transformation includes changes
the composition of the cell surface phosphoglycans. Some of these, the glycoinositol
phospholipids (GIPLs) directly inhibit the production of nitric oxide (NO) by the
phagocyte. The expression of GP63 is downregulated in the amastigote but they
continue to express it, and it is important for both the survival of the parasite and as a
virulence factor (Olivier et al. 2012). The membrane changes associated with
transformation to the amastigote stage means amastigotes invade phagocytes using a
different set of ligands and receptors to the promastigote stage. Despite these changes,
phagocytes remain capable of destroying amastigotes. Therefore, the reasons why
some people develop serious or even fatal infections, whilst in others the infection is
resolved, possibly without displaying any symptoms is uncertain.

4.2.1.2 Visceral Leishmaniasis

Classical visceral leishmaniasis is commonly known as kala-azar and causes fevers like
those of malaria. Both malaria and kala-azar occur in the same areas, so it is important for
doctors to distinguish between them. The name kala-azar (black head) derives from the
symptomatic darkening of the forehead and mouth of patients suffering from visceral
leishmaniasis. In India, great plagues of visceral leishmaniasis occurred in Assam in the
late nineteenth and early twentieth centuries that depopulated whole villages. Serious
outbreaks still occur today, and visceral leishmaniasis remains an important cause of
morbidity and mortality in over 70 countries around the world. Most cases of visceral
leishmaniasis occur in South Asia (—~67%), but it is also a big problem in parts of East
Africa (e.g., Sudan in the region bordering with Ethiopia). There is also a focus of infection
in South America, especially in Brazil.



The clinical picture of visceral leishmaniasis differs geographically. There is, nonetheless, a
basic pattern to the course of the disease. The irst stage begins when a papule develops at
the site of the sand ly bite, but this eventually regresses. Low-grade recurrent fevers then
develop anything from 10 days to 2 years or more afterwards, and these persist throughout
the course of the disease. Within the spleen, immune-related responses destroy red blood
cells, and this causes anaemia. In addition, the liver becomes enlarged (hepatomegaly) as
does the spleen (splenomegaly). Enlargement of the spleen results from a combination of
hyperplasia induced by the need to produce new mononuclear phagocytes and from
infected mononuclear phagocytes illing with parasites. The patient often suffers from
diarrhoea and this, together with the fever, leads to anorexia, malnutrition, and
dehydration. If the disease is not treated, 90% of those suffering visceral leishmaniasis will
die. Recovery can be rapid and complete with or without treatment. However, in many
cases the parasite persists and may appear on the skin in raised macules causing the

dis iguring condition post kala-azar dermal leishmaniasis.

4.2.1.3 Post Kala-Azar Dermal Leishmaniasis

Post kala-azar dermal leishmaniasis (PKDL) is a condition that is usually associated with L.
donovani and develops as sequel to visceral leishmaniasis in 2.5-20% of cases (hence
‘post-kala-azar’). It may manifest itself anything from immediately afterwards to several
years following the condition. It is characterised by the development of nodules and/or
macules that can be extensive and cover any area of the body and may be mistaken for
leprosy. The nodules are irregular raised masses on the skin surface whilst macules (Latin
macula =blemish or small spot) are lat discoloured areas on the skin surface. These
regions contain numerous amastigotes, and if they occur on exposed parts of the body, they
are a ready source of infection for sand lies. The identi ication and treatment of patients
suffering from PKDL is therefore an important part of any control programme. There are
marked differences the occurrence and development of PKDL between countries, which
suggests that host, and/or parasite factors may be important in whether it develops. For
example, most cases of PKDL (~50%) occur in the Sudan and the condition tends to
develop more rapidly there than in India.

Some workers consider that the development of PKDL is associated with the incomplete or
inef icient treatment of visceral leishmaniasis following treatment with the drugs sodium
stibogluconate and pentamidine. However, PKDL may also occur after treatment with
miltefosine. In India, Das et al. (2009) found about 20% of PKDL cases occurred in people
for whom there was no record of either visceral leishmaniasis or the prescription of the
drugs used to treat it. However, these people tested positive for L. donovani and therefore
carried an asymptomatic infection.

4.2.1.4 Cutaneous Leishmaniasis

Cutaneous leishmaniasis manifests itself in a variety of different forms depending upon the
species of Leishmania. Clinically, cutaneous leishmaniasis divides into three basic types
depending upon how the disease presents. Localized Cutaneous Leishmaniasis (LCL)
generally takes the form of a dry ulcer. It develops at the bite site of the sand ly vector and
usually heals by itself although this may take some time and leave permanent scarring.
This form of disease is common in India, Central Asia, the Middle East, and parts of
southern Europe; L. major and L. tropica are responsible for most infections in these



regions. LCL is also common in South America where species such as L. venezuelensis and L.
mexicana are responsible. Diffuse (disseminated) cutaneous Leishmaniasis (DCL) is a rarer
and much more serious condition than LCL. It manifests as numerous raised (but not
ulcerating) papules and nodules that spread to cover large areas of the body. The condition
is often associated with immune suppression, and there are several reports of HIV co-
infection (e.g., Corréa Soares et al. 2020). Unlike LCL, patients with DCL seldom recover
without treatment. In the ‘Old World’, Leishmania aethiopica is the most common cause of
DCL whilst in South America L. mexicana and L. amazonensis are implicated. As mentioned
earlier, any one species of Leishmania may cause different types of leishmaniasis.

Mucocutaneous leishmaniasis (MCL) arises from the formation of an ulcerative lesion that
af licts the mouth, palate, and nose. As a rule, MCL develops and spreads slowly over a
period of years and eventually destroys the affected region. It is most common in South
America, particularly Brazil and the Amazon regions of Peru, Ecuador, Colombia, and
Argentina where the condition is known as ‘espundia’ The discovery of pre-Inca pottery
illustrating dis igured faces suggests that the disease pre-dates the European invasion of
South America. However, some workers claim that the conquistadors and early Spanish
settlers introduced MCL into South America. Espundia has a low mortality (~5%) provided
the patient receives medical care. However, in the absence of treatment, mortality but
would be undoubtedly higher. Death from MCL commonly results from complications such
as aspiration pneumonia although some sufferers suffocate owing to laryngeal closure.
Leishmania braziliensis is responsible for most cases of MCL although L. guyensis is also
important. Leishmania major and some other species of Leishmania can also cause MCL,
but these cases are rare. Leishmania guyanensis and L. braziliensis are naturally infected
with Leishmania RNA virus 1 (Cantanhéde et al. (2018), and this results in the
development of a particularly rapid and aggressive form of MCL (Olivier and Zamboni
2020).

4.2.2 Genus Trypanosoma

All members of this genus are parasites of vertebrate animals, and they are almost all
transmitted by invertebrate vectors. Asexual reproduction usually takes place in both the
vertebrate host and the invertebrate vector (i.e., the parasites are heteroxenous). However,
in mechanically transmitted trypanosomes, such as Trypanosoma evansi, there is no
development outside the vertebrate host. There is evidence of sexual reproduction (or
something like it) occurring in the invertebrate host in some trypanosome species.
Trypanosoma equiperdum is something of an exception to this general lifestyle because it is
a sexually transmitted parasite of horses and other equine species. Nevertheless, most of
the genus Trypanosoma are heteroxenous and two distinct groups are identi iable based on
where they develop within their invertebrate host. Those developing within the anterior
regions of the gut and transmitted when the vector bites exhibit ‘anterior station’
development and belong to the ‘Salivaria’ group. Species developing in the vector’s hindgut
and transmitted via its faeces exhibit ‘posterior station development’ and belong to the
‘Stercoraria’ group. Both groups include species of medical and veterinary importance
(Table 4.4; Figure 4.6). It should come as no surprise that the taxonomy of trypanosomes
undergoes regular rearrangements. It is highly likely that some well-known species are
actually ‘sub-species’ or ‘synonyms’, but for the sake of comparison with past literature we
have retained the most common species’ names.




In several trypanosome species, the kinetoplast is modi ied or lacking entirely. This has
had a dramatic effect on their subsequent spread and evolution. In the case of
Trypanosoma brucei, the development of the mitochondrion undergoes down regulation
within the vertebrate host. However, the mitochondrion is fully functional during the
procyclic stage that develops in the tsetse ly vector (Eigure 4.7). The partial loss of
kinetoplast DNA (dyskinetoplastidy) or its complete loss (akinetoplastidy) means that the
mitochondria cannot fully function, and therefore the parasite can only develop within its
vertebrate host. Consequently, trypanosomes lacking a kinetoplast and those in which it is
only partially functional must rely on mechanical vector transmission or sexual
transmission. However, this was not an evolutionary ‘retrograde step’ because these modes
of transmission broke the link with the African tsetse ly belt and allowed the parasites to
spread to other countries. Dyskinetoplastidy arises naturally in wild trypanosome
populations by mutation, in response to treatments with certain anti-trypanosome drugs
(e.g., triacetylbenzene hydrochloride [TBG]), and through long-term in vitro culture.



Table 4.4 Examples of Trypanosoma species of medical and veterinary importance.

Parasite Transmission Vector/means of

Group

Trypanosoma Salivaria
brucei brucei

Trypanosoma Salivaria
brucei
gambiense

Trypanosoma Salivaria
brucei
rhodesiense

Trypanosoma Salivaria
congolense

Trypanosoma Salivaria
evansi

(Trypanosoma

brucei evansi)

Trypanosoma Salivaria
equinum

(synonym of

T evansi)
Trypanosoma Salivaria
equiperdum
(Trypanosoma

brucei

equiperdum)
Trypanosoma Stercoraria
cruzi

Trypanosoma Stercoraria
theileri

transmission

Tsetse lies (Glossina
spp.)
Tsetse lies (Glossina
spp.)

Tsetse lies (Glossina
spp.)

Tsetse lies (Glossina
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Eigure 4.6 Diagrammatic representation of some Trypanosoma species. All are drawn to
the same magni ication. (a) Trypanosoma brucei. (D) Trypanosoma vivax. (¢) Trypanosoma
congolense. (d) Trypanosoma equinum. (e) Trypanosoma equiperdum. (f) Trypanosoma
evansi. Note the small size and lack of a free lagellum in Trypanosoma congolense.

Source: Reproduced from Cameron, (1934) © Copyright A and C Black Ltd.
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Figure 4.7 Tsetse ly Glossina spp. () Adult ly. There are currently 23 described species of
tsetse lies, and they vary in size from 6 to 16 mm in length. Their coloration consists
mostly of the shades of brown and grey. When alive, the eyes of tsetse lies are usually dark
brown, unlike those of tabanid lies in which the eyes often brightly coloured. Two
characteristic features of tsetse lies are that they fold their wings completely lat when at
rest and their mouthparts project forwards from their head. (b) Mouthparts of a tsetse ly.
The mouthparts are lowered when the insect feeds. There are two thick palps that serve
sensory and protective functions. The robust central labium is equipped with terminal
teeth that facilitate skin penetration; the bite of a tsetse ly is extremely painful.

4.2.2.1 Trypanosoma brucei

Trypanosoma brucei is responsible for the disease Human African Trypanosomiasis (HAT),
or more colloquially, ‘sleeping sickness’ and the wasting disease in cattle known as
‘nagana’. It was often stated that HAT is invariably fatal in the absence of treatment.
However, it is now apparent that some people remain asymptomatic after contracting an
infection (Kennedy and Rogers 2019) although it is uncertain how frequently this occurs.
Some people become seronegative whilst others remain seropositive, but, in both
instances, it is impossible to detect the parasites with the usual diagnostic tests. Those who
become seronegative have presumably repelled the parasites and cleared them from their
body, but those who remain seropositive are presumably tolerant of their infection. This
begs the question of where the infection in the seropositive individuals is residing. It now
looks likely that the trypanosomes are located within the skin rather than the vasculature
(Capewell et al. 2016). Furthermore, the parasites within the skin can infect tsetse lies
when they feed. It is uncertain whether infected but asymptomatic individuals represent a
signi icant reservoir of infection for tsetse lies.

HAT is predominantly a disease af licting poor people living in rural environments in some
of the more politically unstable parts of Africa. Consequently, there is widespread under-
reporting of the disease. In 2006, the WHO estimated there to be 20,000 cases of HAT
every year, although a few years later Brun et al. (2010) suggest that there are between
50,000 and 70,000 cases. Nevertheless, despite the dif iculties of working in the affected
regions, control programmes are proving effective, and by 2015, there were fewer than
3,000 reported cases (Buischer et al. 2017).

There are three morphologically identical sub-species of T. brucei: Trypanosoma brucei
brucei, T brucei gambiense, and T. brucei rhodesiense. The different sub-species vary in their
geographical distribution, ability to infect mammalian hosts and their pathology, but they
are all transmitted by various tsetse ly species (e.g., Glossina palpalis) with different



species being of particular importance as vectors in different areas. Tsetse lies are only
found in sub-Saharan Africa within the latitudes 14° North and 29° South — an area that

encompasses about 10 million km2. Because of their absolute dependence upon tsetse lies
to effect transmission, the parasites are also limited to this region. Tsetse lies have speci ic
environmental requirements to complete their life cycles and therefore do not exploit
urban environments. Consequently, people acquire HAT when they work in the ields or
visit the countryside/game reserves. An increase in the number of cases of HAT among
people living in the Nkhotakota wildlife reserve in Malawi since 2015 was attributed to an
increase in the tsetse ly population following the relocation of hundreds of elephants to
the reserve. The elephants were moved to both help conserve their numbers and improve
the local economy by promoting wildlife tourism.

Trypanosoma brucei brucei is essentially a parasite of wild and domestic animals, and it
does not infect humans. Wild game (e.g., kudu [Tragelaphus strepsiceros], warthog
[Phacochoerus aethiopicus]), and some native cattle breeds (e.g., N'Dame, Muturu, Masai
Zebu) are ‘trypanotolerant’ and infections do not always lead to serious disease symptoms.
By contrast, T. brucei brucei causes serious disease in many introduced varieties of
domestic animals and they succumb to a condition called ‘nagana’ —a word derived from
the Zulu language that means ‘to be in low or depressed spirits’. It also severely affects
horses, sheep, goats, and dogs, and these often suffer an acute disease that culminates in
the death of animal within 20 days to a few months of becoming infected. In cattle, T brucei
brucei tends to cause chronic disease that lasts several months, and the infected animal
may ultimately recover.

Trypanosoma brucei rhodesiense has a close genetic relationship to T. brucei brucei and
occurs mainly East Africa — principally Tanzania and Uganda. In addition to infecting
humans, it also parasitizes many wild game animals. Consequently, T brucei rhodesiense is
a zoonotic disease with numerous reservoirs of infection. Rhodesiense HAT is usually an
acute infection although in some geographical regions a less severe disease occurs.

Trypanosoma brucei gambiense is the principal cause (~90% of cases) of HAT. Gambiense
HAT usually follows a chronic course over a period of years, and severe nervous system
impairment only ensues in the late stages of the disease. It occurs mainly in West and
Central Africa with most cases in Democratic Republic of Congo, Angola, and Sudan.
Although T brucei gambiense infects various wild animals, the importance of zoonotic
transmission in the epidemiology of gambiense HAT is uncertain.

Within the mammal host, the trypomastigotes of T. brucei exhibit various morphological
forms although they all have a prominent undulating membrane (Eigures 4.8 and 4.9). The
slender forms are 25-35 pm in length, have a pointed posterior end, and a long free
lagellum. The mitochondrion of the slender form is poorly developed. It has few cristae
and lacks a functional cytochrome chain and tricarboxylic acid cycle (TCA or Krebs’ cycle).
The slender forms multiply by longitudinal ission until a critical parasite density is
reached at which point, they form intermediate forms and then stumpy forms. The stumpy
forms are about 15 ym long, they have a broad, blunt posterior end, and lack a free
lagellum. The mitochondrion of the stumpy form is more developed than in the slender
form and has many cristae, but the cytochrome chain is still absent, and the TCA cycle is
incomplete. Intermediate forms averaging 23 pm in length also exist, which have a blunt
posterior end and a free lagellum. The stumpy forms do not divide further in the




mammalian host. However, their physiological changes prepare them for the very different
conditions, they will experience in the gut of their tsetse ly vector. The density-dependent
physiological changes are a consequence of quorum sensing —a phenomenon more usually
associated with bacteria. In trypanosomes, quorum sensing operates through peptidase
enzymes released by the parasites breaking down host proteins to release oligopeptides
(Rojas and Matthews 2019). The identity of the oligopeptides is currently uncertain, but
they bring about changes in gene expression within the parasites that result in them
changing to the stumpy form. The stimulus is not species speci ic and in experimental co-
infections, the density of Trypanosoma congolense modulates the population density at
which T brucei differentiates into stumpy forms.
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Eigure 4.8 Life cycle stages of Trypanosoma brucei gambiense. (a) Long and short forms in
the blood. (b) Trypomastigote forms in the tsetse ly midgut (—2 days post infection). (c)
Slender form in the proventriculus of the tsetse ly (10-15days post infection). (d)
Crithidial stages in the tsetse ly salivary gland (15-25 days post infection). (e) Infectious
stage in the salivary glands 20-30 days post infection.

Source: Redrawn from Chandler and Read (1961), © Wiley- Blackwell.
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Eigure 4.9 Light microscope photograph of trypomastigote stages of Trypanosoma brucei.
Note the prominent undulating membrane.

Genomic Regulation in Trypanosomes

In most eukaryotic organisms, the regulatory processes that take place after the
conversion of DNA into RNA are of greater complexity and importance than
transcription itself. Trypanosomes take this process to its limits and undertake
genome regulation almost entirely at post-transcriptional level (Queiroz et al. 2009).
The formation of proteins in trypanosomes is not regulated by the rate at which mRNA
is synthesised but occurs through factors that control the stability of the mRNA
molecules (i.e., alter their half-life and hence concentration) and the rate at which
MRNA is translated into protein. RNA binding proteins perform much of this
posttranscriptional regulation. Rapid changes in the half-life of mMRNA molecules and
translational control regulate adaptions to environmental change such as the
movement between vector and mammalian host (Schwede et al. 2012).

Once established within their vertebrate host, the trypanosomes rapidly disseminate about
the body via the blood and lymphatic system. Unlike T. cruzi and Leishmania, T. brucei
remains an extracellular parasite and never invades cells in its vertebrate host. However, it
does invade most of the organs of the body by colonising the intercellular spaces (c.f., T
congolense that tends to remain within the circulatory system). In humans, T. brucei
gambiense crosses the blood-brain barrier and colonises the intercellular spaces in the
brain. In so doing, it causes the classic symptoms of HAT. By contrast, T. brucei rhodesiense
does not usually colonise our nervous system although this may be at least partly because
the patient dies before this happens.

The development of HAT depends upon the species of trypanosome and its genetic strain,
as well as host health and genetic factors (Kazumba et al. 2018). In the case of gambiense
stage 1 HAT, a red sore develops at the site where the tsetse ly bit and over the subsequent
weeks or months the patient develops a fever, their lymph glands swell, and they suffer
from aches, pains, and headaches. These symptoms are non-speci ic, and the disease often
remains undiagnosed. In the absence of effective treatment, the disease develops
remorselessly to stage 2 HAT in which the symptoms become severe with prolonged
fevers, weight loss, anaemia and damage to the central nervous system.



Following their ingestion by a tsetse ly, the parasites differentiate into procyclic
trypomastigotes within the midgut region. The main stimulus for the transformation is the
drop in temperature (—~10 °C) that the parasites experience when they move from the
warm mammalian bloodstream to the much cooler insect gut. There are also major
changes in the parasite’s metabolism in response to the movement from a hot environment
in which glucose is plentiful to a cooler one in which glucose is in much lower
concentration. In mammals, the trypanosomes have poorly developed mitochondria since
they derive their ATP from glycolysis using the abundantly available glucose obtained from
their host and most of their glycolytic enzymes are located within their glycosomes.
Trypanosome glycolysis within their mammalian hosts is remarkably inef icient (the
metabolism of one mole of glucose yields only two moles of ATP) and the pathway ceases
at pyruvate, which they excrete. By contrast, in tsetse lies the trypanosome mitochondrion
is a much bigger organelle and has well-developed cristae. This is because oxidative
catabolism becomes more important as a source of ATP.

Having successfully transformed into procyclic trypomastigotes, the parasites reproduce
by longitudinal ission. Interestingly, the procyclic forms can undergo apoptosis —a
phenomenon that is normally associated with metazoan animals. Apoptosis also occurs in
various other parasitic protozoa, including other Trypanosoma, Leishmania and
Plasmodium, but its function is uncertain (Proto et al. 2013). The promastigotes penetrate
the ly’s peritrophic membrane after which they migrate forward to the proventriculus. At
this point, they cease dividing and transform into mesocyclic trypomastigotes, and these
penetrate back through the peritrophic membrane and make their way further forward to
the salivary glands. Once they reach this point, they transform into epimastigotes. The
epimastigotes attach themselves by their lagellum to the epithelial cells lining the tsetse

ly salivary gland, multiply by longitudinal ission, and then transform into non-dividing
metacyclic trypomastigotes. Some form of mating involving meiosis often takes place
during the epimastigote stage, but it is not obligatory and the extent that it occurs varies
between populations. It is also affected by the immune status of the tsetse ly and hybrid
matings between trypanosome strains is considered most likely if the ly acquires a mixed
infection the irst time it feeds (Peacock et al. 2016). Hybridization has relevance for the
transfer of genetic traits such as drug resistance between trypanosome lineages.

The metacyclic trypomastigote stage is infective to susceptible mammalian hosts and
expresses a speci ic subset of genes coding for variant surface glycoproteins (VSG). When
an infected tsetse ly feeds, it injects the metacyclic trypanosomes into the blood stream
and the VSG help protect them from the mammalian immune system. The trypanosome life
cycle within the tsetse lies therefore involves a complex sequence of migrations and
transformations and typically takes about 3-5 weeks. Consequently, effective transmission
depends heavily upon the lifespan of the tsetse ly vector. Male tsetse lies usually only live
for about 2-3 weeks in the wild and whilst female tsetse lies survive for up to 4 months,
most die within 20-40 days.



How Trypanosomes Alter Tsetse Fly Physiology to Facilitate
Transmission

Tstetse lies have an extremely effective immune system that usually kills any
trypanosomes present within their blood meal soon after it is ingested. Nevertheless,
if atsetse ly is susceptible to infection, the ingestion of even a single trypanosome is
suf icient to ensure it becomes a vector (Maudlin and Welburn 1989). Once infected, a
tsetse ly remains infected for the rest of its life. Although trypanosomes grow and
reproduce in tsetse lies, they do not appear to cause them much, if any, harm.
However, the trypanosomes do alter the protein composition and antihaemostatic
properties of tsetse ly saliva. This reduces the saliva’s capacity to prevent blood
coagulation and vasoconstriction. This results in the lies spending more time probing
for a blood vessel. This may either provide more time for parasite transmission to take
place or encourage the tsetse ly to move more frequently between hosts. The
mechanism(s) by which the parasites alter the composition of the tsetse ly saliva are
uncertain, but they may trigger a stress response that decreases certain gene
expressions (Van Den Abbeele et al. 2010).

At the time of writing, ive drugs had approval for the treatment of HAT: pentamidine,
suramin, melarsoprol, e lornithine, and nifurtimox. Pentamidine and suramin are used to
treat irst-stage HAT whilst melarsoprol (Mel B), e lornithine, and nifurtimox are used for
second-stage HAT. None of the drugs is ideal, and some have serious side effects. For
example, suramin can cause anaphylactic shock and kidney failure, whilst melarsoprol can
cause seizures and kills 1 in 20 of the patients who receive it. Although the risks might
sound unacceptable, in the absence of treatment, there is an extremely high chance that a
patient with HAT will die of the disease. Nifurtimox has the advantages of being easier to
administer and less toxic than the other drugs but is prescribed as a combination therapy
with e lornithine rather than on its own.

A novel group of chemicals called the benzoxaboroles are highly effective at treating stage
2 HAT but currently they still require registration (Jacobs et al. 2011). They also show
potential for the treatment of animal trypanosomiasis (Akama et al. 2018). Not only can
benzoxaboroles be taken orally (suramin and melarsoprol must be given as a series of
intravenous injections) but they also do not produce the harmful side effects of current
drugs. The benzoxaboroles also include chemicals that show promise for the treatment of
malaria, cryptosporidiosis, ilarial nematodes, and bacteria (Lunde et al. 2019; Sonoiki et
al. 2017). Consequently, it may eventually become possible to treat co-infections with a
single safe drug.

4.2.2.2 Trypanosoma congolense

Measuring only 9-18 pym in length, T. congolense is the smallest of the African
trypanosomes. It is monomorphic although short and long strains also occur. One of its
characteristic features is the absence of a free lagellum although the cell tapers inely at
the anterior end, so it is possible to believe mistakenly that one is present. The posterior
end is blunt and the kinetoplast marginal. The undulating membrane is not pronounced



but this together with the absence of a free lagellum does not restrict its ability to move —
although authors differ in their opinion about whether its activity is active or sluggish.

Within the blood and lymphatic system of their mammalian host, the trypomastigotes of T.
congolense multiply by dividing by longitudinal ission. Several tsetse ly species (e.g.,
Glossina morsitans) are responsible for transmitting T. congolense with different species
being of particular importance in different areas. Following ingestion by a tsetse ly, the
parasites differentiate into procyclic trypomastigotes and undergo a similar migration
pattern a sequence of transformations to T. brucei. However, T. congolense does not invade
the tsetse ly salivary glands. Instead, the epimastigotes attach themselves to the walls of
the proboscis and after transforming into the metacyclic stage, the parasites migrate to the
hypopharynx region. As in T. brucei, a form of sexual reproduction occurs in some strains of
T congolense.

Trypanosoma congolense occurs throughout southern, East and West Africa and infects
many domestic mammals (e.g., cattle, sheep, horses, pigs, dogs) and wild game (e.g.,
antelopes, warthogs). Except in unusual circumstances, T. congolense does not present a
risk to humans (Truc et al. 2013). In addition, although the trypanolytic activity of normal
human serum normally kills T. congolense, some strains are resistant to it (Van Xong et al.
2002).

Trypanosoma congolense is of primary concern for its effect on domestic cattle, and it is a
major cause of economic loss to cattle farmers throughout the affected regions. It is less
harmful to other domestic animals and wild game. In susceptible cattle, T congolense
causes similar symptoms to T. brucei. Therefore, when farmers say that their animals are
suffering from ‘nagand’, it could mean that either parasite is the cause. In addition, co-
infections are common. The disease may manifest itself in acute, chronic forms and mild
forms. In the acute form, the disease causes anaemia, emaciation and a high parasitaemia
in the peripheral circulation. The liver, lymph nodes and spleen enlarge, haemorrhages
occur in the heart muscle and kidneys, and the infected animal may die in within 10 weeks
of becoming infected. In the chronic form, the symptoms are less severe, and it may be

dif icult to ind the parasites in the blood. There is enlargement of the lymph nodes and
liver and signs of degeneration in the kidney, but the infected animal can recover after
about a year. In mild infections, it may not be obvious that T congolense is present. The
pathology caused by T. congolense differs from that of T. brucei in that the parasites remain
within the circulatory system and the central nervous system is not affected. Anaemia is
the most characteristic feature of T. congolense infection and results from the destruction
of red blood cells in the liver and spleen although other mechanisms (e.g., in lammatory
processes) may also be involved (Noyes et al. 2009). Indigenous breeds of cattle, such as
N’dama, are not resistant to T. congolense but have a genetic ability to limit the
development of anaemia (Naessens 2006).

4.2.2.3 Trypanosoma evansi

Trypanosoma evansi is monomorphic, 14-33 pm in length and 1.5-2.2 pm in width and
morphologically indistinguishable from Trypanosoma equinum, Trypanosoma equiperdum
and the slender forms of T. brucei. Molecular evidence suggests that there are two distinct
type strains of T. evansi, type A and type B, and there are further strains within each type.
Types A and B are distinguished by differences in the minicircles in the kinetoplast DNA.



Type A is the most common and widespread form whilst type B occurs in camels in Kenya
and Ethiopia. Molecular analyses suggest that both strains probably arose independently
from West African T. brucei brucei (Cuypers et al. 2017). If true, this is unexpected because
currently, Type B T. evansi only occurs in Eastern Africa.

Trypanosoma evansi has an extremely wide distribution and occurs in Africa, Asia, and
Central and South America. It is particularly pathogenic in horses, but it also causes
considerable morbidity and mortality in camels, cattle, pigs, dogs, and cats. It also
parasitizes many wild animals such as deer, tapir, and capybara. It is usually mechanically
transmitted by biting lies such as tabanids and stable lies. Trypanosoma evansi does not
reproduce in its insect vectors and they act only as a ‘dirty syringe’. In South America,
vampire bats can act as both hosts and mechanical vectors of T. evansi. Under experimental
conditions, Raina et al. (1985) infected both dogs and mice by feeding them meat
containing T. evansi. The extent to which oral infections occur naturally is, however,
uncertain. Reproduction takes place asexually by longitudinal binary ission within the
mammalian host.

The disease caused by T. evansi is commonly known as ‘surra’ — which is the Hindi word for
‘rotten’ or ‘emaciated’ although other terms are also used such as el debab in many Arabic-
speaking countries. It causes the death of many thousands of animals every year and a
great deal of morbidity (Aregawi et al. 2019). Horses are particularly susceptible to
infections, and there are claims that the inoculation of even a single parasite can prove
fatal. The disease is often acute in horses and the animal dies within a few weeks to 2
months. Chronic infections lasting over a year may also occur but also often end with the
death of the horse. Surra causes anaemia, emaciation, and oedema that may vary from
urticarial plagues on the neck and lanks to widespread swelling of the legs and lower
body. The plaques may subsequently become necrotic and bleed whilst encephalitis and
demyelination can occur in the brain and spinal cord that results in staggering and
paralysis. Affected animals may also express abnormal behaviour such as hyperexcitability,
head tilting, and circling.

Surra is also an important cause of morbidity and mortality in camels in which it tends to
be a chronic wasting disease. Characteristic features of infection include fever, anorexia,
and the development of oedema. Cattle can be severely affected when exposed to T. evansi
for the irst time, but in endemic areas, the disease in cattle tends to be subclinical and
reduce productivity rather than cause major morbidity and mortality. Dogs are susceptible
to an acute and rapidly fatal form of the disease that causes nervous signs that are like
those of rabies.

4.2.2.4 Trypanosoma equinum

Trypanosoma equinum and T. evansi are synonymous: T. equinum is neither a separate
species nor a sub-species of T. evansi. However, there are morphological differences
between T evansi and T. equinum: T. evansi expresses both kinetoplastic and
dyskinetoplastic forms (i.e., ones retaining only fragments of kinetoplastid DNA) but T.
equinum lacks a kinetoplast (i.e., it is ‘akinetoplastic’). This was one of the reasons for
separating them, but molecular studies indicate that genetically they are the same.

Despite the molecular evidence, we will follow the older parasitology textbooks in dealing
with them as though they are two distinct species. This is because the literature often



provides different accounts of them in terms of their host range and pathology.
Trypanosoma equinum only occurs in various South American countries where it causes a
disease commonly known as ‘mal de caderas’ in Spanish and ‘mal de cadeiras’ in
Portuguese — which translates as illness of the hips. Trypanosoma equinum is principally a
parasite of horses. It infects other equids and a variety of domestic and wild animals (e.g.,
capybara), but these do not tend to suffer severe disease. It is mechanically spread by
biting lies, such as tabanids, and in swampy areas where these lies are most numerous, T.
equinum is a particular problem.

Unlike surra, mal de caderas normally causes a chronic disease in horses. The condition
develops over a period of months but usually has a fatal outcome. Symptoms begin with a
fever and loss of weight and then the hindquarters become progressively weaker (hence
the name ‘mal de caderas’) resulting in staggering and then an inability to walk. Horses can
also exhibit conjunctivitis, the eyelids become oedematous ( illed with luid), and transient
plagues form on the neck and lanks. In addition, the kidneys, brain, and spinal cord show
signs of in lammation and necrosis.

4.2.2.5 Trypanosoma equiperdum

Trypanosoma equiperdum is monomorphic and morphologically indistinguishable from T.
equinum. It exhibits dyskinetoplastidy — that is, it retains only fragments of kinetoplastid
DNA. It parasitizes a range of equids although it affects the domestic horse (Equus cabalus)
more severely than asses, donkeys etc. Some strains infect dogs and one can establish
laboratory cultures in rats and mice. It is a sexually transmitted disease and causes a
condition called ‘dourine’: a word deriving from the Arabic for ‘unclean’. The use of horses
in agriculture and warfare spread T. equiperdum around the world. However, following
breeding programmes aimed at eliminating infected horses, it currently has a restricted
distribution in parts of Africa, Asia, southern Europe, and South America.

Dourine typically manifests itself in three stages. The irst stage begins with swelling of the
genitalia. There is patchy depigmentation of the penis and vulva, and there is vaginal
discharge in mares. The horse may also exhibit a slight fever and loss of appetite. After
about a month, the second stage of the disease begins with the development of circular
luid- illed (oedematous) plagues 2.5-10 cm in diameter underneath the skin. They usually
form on the lanks although they can develop on any part of the body. The plaques may last
a few hours or days after which they disappear and then reappear again later. Because of
the rash-like swellings, this is called the ‘urticarial stage’ Plagues do not always form but if
they do, they are a reliable indicator of the nature of the disease. The onset of paralysis
marks the third stage of the disease. Often this begins in the nose and face. It then spreads
to affect the rest of the body and can result in complete paralysis affecting all the limbs.
The course of the disease may take as long as 2 years and mortality can be as high as 70%.

The relationship between T. equiperdum, T. evansi, and T. brucei remains uncertain.
Molecular evidence indicates that T equiperdum and T. evansi independently diverged from
T brucei on several occasions. According to Cuypers et al. (2017), T. equiperdum arose from
an East African T brucei ancestor whilst T. evansi derives from a West African T. brucei
ancestor.

Trypanosoma equiperdum is primarily a tissue parasite and not usually present in the
circulating blood, but it occurs in smears taken from the genitalia or plaques. Diagnosis has



traditionally relied on serological complement ixation tests and in some countries where
dourine is endemic, they are mandatory. However, such tests will not reliably distinguish T.
equiperdum from other trypanosomes such as T. evansi and T. brucei — which is hardly
surprising because they are all closely related.

4.2.2.6 Trypanosoma cruzi

Trypanosoma cruzi causes Chagas disease — a potentially fatal infection that af licts around
11 million people in the New World from Argentina to the southern United States of
America. In addition, owing to migration, the disease now occurs in many other parts of
the world with important foci in Canada, North America, Europe, and Australia. The name
Chagas disease derives from that of Carlos Chagas who irst described the parasites in
1910. Chagas initially believed that the parasites underwent schizogony within their
mammalian host and hence named them Schizotrypanum cruzi - ‘cruzi’ derives from the
famous Oswaldo Cruz Institute in Brazil. Subsequently, it became clear that the parasite’s
life cycle does not include schizogony and most workers now refer to it as Trypanosoma
Cruzi.

In addition to humans, T. cruzi infects many domestic and wild mammals including dogs,
cats, bats, rats, and armadillos. This makes disease control dif icult because there are
numerous potential reservoirs of infection. Trypanosoma cruzi infections are especially
common among animals that utilise burrows and hollow trees because these are ideal
dwellings for the insect vectors. The parasite is transmitted by blood-feeding reduviid bugs
(Order Hemiptera, Family Reduviidae, Sub-Family Triatominae) that because of their
appearance are sometimes called cone-nosed bugs. Over 130 species of reduviid bug can
act as vectors but only those living near humans are medically important. Although Chagas
disease now occurs in many countries, the lack of suitable vectors limits its potential for
transmission outside Central and South America. There is therefore concern over the
potential for vector species to disperse by air or sea (the bugs can survive for weeks
without feeding) to other countries with luggage or farm produce. Trypanosoma cruzi can
infect several other blood-feeding invertebrates. These include the bed bug (Cimex
lectularius; Order Hemiptera, Family Cimicidae), the argasid tick Ornithodoros moubata
and the medicinal leech Hirudo medicinalis. However, these are probably not important in
the transmission of the parasite to humans. Trypanosoma cruzi can also infect vampire
bats, but it is uncertain whether they transmit the parasite in their bite. During the acute
phase of infection, the parasite occurs within the saliva of dogs, so it is clearly a possibility.
However, whether a very ill bat would be capable of lying and feeding is uncertain.

The life cycle of T. cruzi differs from that of the other trypanosome species discussed so far
in that it involves stercorarial transmission from the invertebrate vector to the vertebrate
host (i.e., via the faeces rather than the saliva/bite). Reduviid bugs often defecate during or
immediately after feeding, and they void the infective metacyclic stage trypanosomes with
their faeces. The bugs feed at night and they often bite their victims around the face. They
have therefore gained the common name of kissing bugs. On waking, the natural reaction is
to rub/scratch at the bite site, and this rubs the parasite-infected faeces into the wound
site. However, most infections result from bug faeces contaminating the victim’'s ingers
and from there transferring to the eyes and mucous membranes where the parasites can
penetrate more easily. We can also become infected from organ transplants and the use of
contaminated blood during transfusions (Ries et al. 2016). In endemic areas, where the



likelihood of acquiring T. cruzi infection from a blood transfusion is high, haematologists
sometimes treat donated blood with gentian violet. This Kills the parasites, but as the
blood infuses through the tissues of the recipient, it also has the unfortunate effect of
turning the patient purple temporarily. There are isolated reports of oral transmission of T.
cruzi that date back many years. These arise through consuming food contaminated with
infected bug faeces. They were considered rare oddities, but this mode of transmission is
apparently becoming more common (Robertson et al. 2016). Furthermore, oral
transmission tends to result in acute infections that may prove rapidly fatal. Congenital
infection via the placenta is possible and can result in spontaneous abortion or serious
disease of the infant at birth. Reservoir animals can acquire infections through being
bitten, as well as from consuming bugs containing the parasites and from food
contaminated with their faeces.

Once T cruzi enters a suitable mammalian host, the trypomastigotes invade both
phagocytic and non-phagocytic cells. Indeed, they are apparently capable of invading all
nucleated cells. However, most of the pathology arises from their invasion of smooth,
cardiac, and skeletal muscle cells, nerve cells, and cells comprising organs such as the liver,
spleen, and lymphatics. Within a host cell, the parasites develop within a parasitophorous
vacuole. The mechanism by which a trypomastigote enters a host cell varies between cell
types and may involve active invasion by the parasite and passive internalization through
endocytosis/phagocytosis. Within the host cell, a parasitophorous vacuole forms around
the parasites and within this, they transform into the amastigote stage (1.5-4 pym in size).
The amastigotes multiply by binary ission and once large numbers are present within a
cell, it is sometimes referred to as a pseudocyst. Eventually, the parasites kill their host cell
and then they transform back to trypomastigotes (Eigure 4.10). The trypomastigotes then
invade new cells and repeat the process. This distinguishes T. cruzi from Leishmania in
which the parasites occur mainly within phagocytic cells and remain in the amastigote
stage within the vertebrate host. The trypomastigotes of T. cruzi are unable to reproduce
although large numbers of them may occur in the blood stream, especially during the early
stages of infection. Broad and slender morphotypes of the trypomastigotes exist. Both
forms are small (16.3-21.8 ym in length including the lagellum) compared with those of
some other trypanosomes and they have a characteristic curved ‘C’ shape. By contrast,
their kinetoplast is exceptionally large and the cell membrane sometimes bulges around it.



Eigure 4.10 Trypanosoma cruzi. Note the characteristic C shape often seen in the
trypomastigote stage.

A reduviid bug vector acquires an infection when it feeds on blood containing the
trypomastigote stage. Reduviid bugs can take in large blood meals several times their own
body weight, and this increases their chances of ingesting a trypomastigote. In some bug
populations, over half of them carry a T. cruzi infection. In addition to feeding on blood,
reduviid bugs will also attack and feed on one another. Therefore, bugs may acquire an
infection by ingesting parasites from one of their brethren. However, this is probably not a



common means of infection. When the parasites reach the posterior of the insect’s midgut,
they transform into short epimastigotes. These then divide by longitudinal ission to form
long epimastigotes. Ultimately, the epimastigotes move to rectum where they transform
into the infective short metacyclic trypomastigote stage. The gut of infected bugs can
contain huge numbers of parasites but unlike some of the other trypanosome species, T.
cruzi does not appear to harm its invertebrate host.

The course of Chagas disease varies considerably, and there are marked disparities
between individuals and geographic localities. This suggests that genetic differences on the
parts of both the parasite and the host in luence the manifestation of disease. There are
two phases of the disease: an acute phase and a chronic phase. Initial parasite invasion
may cause an acute infection or symptoms so general that it is not obvious that infection
has occurred. The acute phase is characterised by high levels of parasitaemia and in a small
percentage of cases proves fatal. There is often an initial localised in lammatory response
with swelling of the nearest lymph node. If the infection starts at an insect bite wound, a
raised red nodule develops called a ‘chagoma. If the infection occurs via the eye, it induces
a condition called Romana’s sign in which the eyelid and preauricular lymph node swell so
much that the eye becomes closed. As the acute phase of the disease progresses, the
parasites invade all organs of the body. However, the most severe consequences arise from
the parasite’s tendency to localise within and destroy heart muscle and cardiac ganglion
cells. The pathological mechanisms are uncertain. However, damage to cardiac muscle
during chronic Chagas disease may have an autoimmune basis. As he became older, Charles
Darwin suffered from chronic ill health, the symptoms of which were consistent with him
suffering from Chagas disease. Obviously, it is impossible to con irm this, but in his South
American journals he recorded being bitten by reduvidid bugs. If the parasites invade the
brain, meningoencephalitis can develop with potentially fatal or long-term damage as a
result. The patient often develops a fever and their liver and spleen become enlarged; they
may also suffer from diarrhoea and exhibit evidence of respiratory infection. The acute
phase occurs most commonly in children less than 5-years-old but unless their heart or
nervous tissues are severely damaged, most of them recover even without adequate
medical treatment.



4.3 Phylum Chlorophyta

Commonly known as the green algae, the Chlorophyta is a paraphyletic phylum — that is,
the species within it derive from several different ancestors. Because most of them contain
chloroplasts, they are often referred to as plants. Furthermore, these chloroplasts are
similar in appearance to those in multicellular plants, such as wheat and roses, have a very
similar physiology, and contain both chlorophyll a and chlorophyll b. However, the
Chlorophyta are single-celled organisms (although some are colonial) and are usually
classed within the Protista rather than Plantae — although this remains a source of debate.
Several species have close symbiotic relationships with invertebrates. For example,
Chlorella spp. lives in association with the cnidarian Hydra viridis, and some sea slugs
extract the chloroplasts from their algal food and utilise them as photosynthetic organelles
within their own cells. Although various algae grow on the pelage of sloths and the skin of
certain lizards, there are few reports of them becoming intracellular symbionts of
vertebrates. An instance where it does occur is between the alga Oophila amblystomatis
and the egg masses of certain amphibia. This alga enters the embryos of the spotted
salamander Ambystoma maculatum and is maternally transmitted (Kerney et al. 2019). The
alga utilises nitrogenous waste generated by the host cells and undertakes photosynthesis;
the relationship therefore appears to be bene icial to both organisms. The alga
Nannochloris eukaryotum will enter an endosymbiotc relationship with human cells under
in vitro culture conditions. However, this is mainly of interest for the development of
molecular machines (Black et al. 2014) and not something that happens naturally outside
the laboratory:.

There are isolated case reports of Chlorella spp. infecting wounds in humans and other
mammals. There are also accounts of fatal disseminated infections in sheep that were
presumably acquired via the digestive tract after consuming contaminated drinking water
(Ramirez-Romero et al. 2010). These, presumably, represent rare opportunistic infections.
Some species of algae lost their chloroplasts during evolution. Amongst these are members
of the genus Prototheca, which includes species that parasitize mammals and the genus
Helicosporidium that are parasitic in insects.

4.3.1 Genus Prototheca

Members of this genus are closely related to the well-known alga Chlorella, but they lack
chloroplasts, and most species survive as saprophytes feeding on dead organic matter in a
similar manner to free-living fungi. They are found throughout the world and can be
isolated from the soil, slime, sludge, gut contents, faeces, marine and freshwater, swimming
pools, and virtually anywhere which has high organic matter content (Kano 2020). Some
species are facultative parasites that infect various animal species with consequences that
range from mild disease to fatalities. Prototheca wickerhamii and Prototheca zopfii are
responsible for most human infections. These are usually associated with patients who are
immunocompromised through disease (e.g., HIV infection) or medical treatment (e.g.,
chemotherapy/ corticosteroid therapy). A new species, Prototheca cutis, was described
from a patient in Japan (Satoh et al. 2010) and further species will probably be discovered
in the future now that the genus is receiving more attention. In 2018, an outbreak occurred
in a cancer chemotherapy unit in India that resulted in 12 patients becoming infected with
P. wickerhamii (Khan et al. 2018).



The algae gain entry to the body via the skin — usually through an existing wound — and
cause a localised cutaneous infection. This often manifests as dermatitis with the
formation of pustules, ulcers, and erythematous plaques. Occasionally, the infection
becomes disseminated throughout the body and causes potentially fatal meningitis
(Joerger et al. 2020).

There are isolated but increasing case reports of dogs and cats suffering from illnesses
caused by Prototheca. These often take the form of gastrointestinal infections that cause
diarrhoea, but they can become disseminated elsewhere in the body with often fatal
results. In cows, P. wickerhamii, P. zopfii, and Prototheca blaschkeae are responsible for
sporadic cases of mastitis in many parts of the world. Protothecosis is not a commonly
recognised cause of mastitis, and therefore, it often remains undiagnosed because vets do
not think to test for it. This can cause problems because the algae do not respond to
normal treatments for mastitis. Indeed, at the time of writing, there was no effective
treatment available. Consequently, the course of the disease can be prolonged, and there is
a potential for severe economic losses in dairy herds (Jagielski et al. 2019).



4.4 Kingdom Fungi

Some estimates suggest that there may be over a million species of fungi although less than
10% of these have so far been described. Unlike plants, fungi are heterotrophs — that is,
they cannot make their own food and must gain their nutrients by breaking down existing
organic matter. Most fungi do this by acting as saprophytes, that is, they break down dead
organic matter. In addition, many species are in symbiotic relationships with plants and
invertebrates, whilst some are parasites of other fungi, plants, and invertebrate and
vertebrate animals. Some of these parasitic species are important in human and veterinary
medicine, as well as wildlife ecology. For example, Pneumocystis (which was once thought
to be a protozoan) is a major cause of morbidity and mortality in AIDS patients (Gilroy and
Bennett 2011), the skin disease ‘ringworm’ in cattle is caused not by a helminth but fungi
such as Trichophyton verrucosum (Pier et al. 1994), and chytridiomycota fungi are
responsible for widespread and catastrophic levels of mortality among amphibians in
many parts of the world (Fisher and Garner 2020). However, only the Microsporidia will be
covered here.

4.4.1 Phylum Microspora

The Microsporidia are a cosmopolitan group of obligate intracellular parasites that infect
many invertebrates and vertebrates. There are even accounts of them infecting protozoa
but apparently not plants or fungi. Over 1,200 species have been described, but the
majority of these are parasites of invertebrates and ish. Several species are of medical,
veterinary, and commercial importance. For example, Nosema apis and Nosema ceranae are
major causes of disease in honeybees whilst several species such as Nosema locustae (vs
locusts) and Nosema algerae (vs mosquitoes) have potential as biological control agents.

Up until the AIDS epidemic, there were few accounts of human infections by
microsporidian parasites. However, they subsequently became identi ied as important
causes of morbidity and mortality amongst those suffering from AIDS and other
immunosuppressive illnesses. Fourteen species have so far been found to infect humans
although Enterocytozoon bieneusi is responsible for most clinical cases. It should be noted
that there is considerable genetic variation within individual species that in luences their
host range (Heyworth 2017). Nevertheless, some microsporidia are undoubtedly zoonotic
and infect both humans and other mammals and birds. Indeed, some commentators
consider them to be extremely important emerging pathogens (Stentiford et al. 2019). This
is particularly the case now that global food chains mean that foodstuffs are rapidly
transported around the world.

Initially designated as protozoa, subsequent molecular evidence indicated that
microsporidia are fungi. Precisely where they it within the taxonomy of fungi is uncertain
although they show some resemblance to the zygomycetes. The zygomycetes also have
relevance to parasitologists since they include genera such as Pilobolus that helps to spread
the infective larvae of the lungworm Dictyocaulus viviparus (Doncaster 1981) and
Entomophthora that have potential as biological control agents of insect vectors. However,
the taxonomic status of the microsporidia is far from settled and Ruggiero et al. (2015)
consider that the phylum Microspora belongs back within the kingdom Protista.




As with Entamoeba histolytica, the microsporidia were once thought to have split off from
other organisms at an early stage in their evolution because they did not appear to contain
mitochondria. However, they too were subsequently found to contain genes with
mitochondrial functions and mitosomes (putative relict mitochondria). They also have
some of the smallest genome sizes and the fewest protein coding genes of all the
eukaryotic organisms; in Encephalitozoon intestinalis the genome is only 2.3 megabases
(Mb) in size although in Glugea atherinae, a ish parasite, it is almost ten times larger at
~20 Mb.

The spore is the only microsporidian life cycle stage capable of surviving in the external
environment. Immediately above the spore’s plasma membrane are two protective layers,
the irst of these is the ‘endospore’ which contains chitin and is electron luscent when
viewed with a transmission electron microscope and above this is the ‘exospore’ that
contains glycoprotein and is electron dense, so it appears dark in transmission electron
micrographs (Eigure 4.11). The spore walls must provide excellent protection because in
some species they can remain infective for over a year.



Figure 4.11 Transmission electron micrograph of a developing spore of the
microsporidian Nosema helminthorum. The thick spore coat makes sectioning extremely
dif icult, and they often pull out from the sample. The coiled polar tube is clearly visible as
a series of circles either side of the upper portion of the cell. For further details, see text.

Microsporidia are normally transmitted horizontally when the host encounters the spores;
humans usually become infected by ingesting or breathing in the spores. Vertical
transmission has not yet been described in humans, but it occurs in some mammals by
crossing the placenta or through infecting the eggs while they are still in the ovary in



invertebrates. Transovarial transmission is common among endosymbiotic bacteria such
as Wolbachia but very rare among protozoan parasites (Dunn et al. 2001). Like Wolbachia,
some of the microsporidia species that are transmitted transovarially affect the sex rations
of their hosts. For example, females of the amphipod Corophium volutator infected with
microsporidia produce predominantly female offspring. They are also more fertile than
uninfected females and this will further promote the spread of the parasite through the
population (Mautner et al. 2007).

Microsporidian spores, like the other life cycle stages, usually contain either a single
nucleus (monokaryon) or two adjacent nuclei (diplokaryon) that function as a single unit.
The spores also contain a posterior vacuole, and a structure called the ‘polaroplast’ that
probably derives from modi ied Golgi apparatus. In addition, there is a coiled polar tubule
(polar ilament) that attaches to the anterior end of the spore by an ‘anchoring disc
complex’. The polar tube is hollow and unique to the Microsporidia but in terms of
appearance and function it bears more than a passing resemblance to the nematocysts
found in jelly ish (Cnidaria). When the spore receives the correct stimulation (presumably
a combination of pH and chemical factors), the posterior vacuole and polaroplast absorb
water and start to swell. Because the tough spore wall prevents it from expanding, the
pressure within the spore starts to rise. Ultimately, the spore wall ruptures at the anterior
end where the spore wall is thinnest, and the polar tubule shoots out through the break as
if from a harpoon gun. The polar tubule can discharge with suf icient force to pierce the
adjacent host cell or alternatively it may be subsequently ingested by receptor-mediated
endocytosis. At the same time, the pressure within the spore forces the nucleus and
cytoplasm, now referred to as the ‘sporoplasm’ down the everting polar tubule and thence
into the host cell. The spore ensures its proximity to a suitable host cell by binding onto
host-cell sulphated glycosaminoglycans (GAGs). In addition, the exospore and endospore
both contain an adherence protein called ‘endospore protein 1’ (EnP1). Alternatively, the
host cell may ingest whole spore, but infection still results from the discharge of the
sporoplasm into the host cell cytoplasm.

Once within the host cell cytoplasm, the sporoplasm differentiates into a ‘meront’ and
undergoes a series of cycles of asexual reproduction called merogony, which results in the
formation of numerous more meronts. In the cases of Entercytozoon and Nosema, the
meronts remain in direct contact with the host cell cytoplasm, whilst in Encephalitozoon
they are localized within a membrane-bound parasitophorous vacuole of host cell origin.
The meronts of both Nosema and Encephalitozoon divide by simple binary ission, but
those of Enterocytozoon have a more complex development which produces multinucleate
cells. After several cycles of merogony, the parasites start to produce spores by sporogony:
the meront transforms into a sporont which produce sporoblasts that then mature into
spores. The spores steadily accumulate in the host cell and may eventually ill it. When the
host cell membrane eventually ruptures, the spores are released and may infect an
adjacent cell or be released into the environment.

In humans, microsporidia usually cause persistent or self-limiting infections of the
enterocytes lining the gastrointestinal tract. They can cause extensive damage to the
mucosal surface of the intestine and symptoms therefore typically cause diarrhoea,
abdominal pain, malabsorption and wasting. There are also records of them invading the
eye and causing keratitis in both immunocompromised and immunocompetent
individuals, as well as infecting the skin, kidney, heart, and lungs.



