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Abstract

Avian malaria parasites or haemosporidia are found in bird species worldwide. This special
issue focuses on 3 most commonly studied genera: Haemoproteus, Plasmodium and
Leucocytozoon. Seven research articles and reviews are provided to illustrate the breadth of
knowledge of the diversity of avian malaria parasites in different regional habitats and across
bird species, and the use of avian haemosporidian systems to examine host-parasite eco-
evolutionary questions.

Introduction

Haemosporidia are a large group of intracellular parasitic protozoa which infect amphibians,
reptiles, birds and mammals, and which use haematophagous dipteran insects as vectors. This
special issue focuses on Avian haemosporidia, often called Avian malaria parasites, which
played important roles in early research on human malaria (Cox, 2010), but also are of
major importance in their own right as parasites of bird species across the world
(Valkiunas, 2005). Avian haemosporidia are important economically for their effects on prod-
uctivity and mortality in domestic birds, and in captive birds in zoos and aviaries. In wild
birds, they have been shown to impact negatively on the body condition, survival, migration
and reproduction of their hosts (Lapointe et al., 2012). Avian haemosporidian parasites have
also been useful as model systems to explore evolutionary and ecological parasite-host rela-
tionships (Dunn and Outlaw, 2019).

The different haemosporidian genera have different lifecycles in the avian host. Depending on
the genus, asexual (mitotic) replication takes place in the reticuloendothelial cells of the tissues,
and/or the red blood cells, where the parasites multiply as haploid clones. The sexual stages
(gametocytes) of all genera are found in the circulating red blood cells, where they are taken
up by the insect vectors during blood feeding, and the sexual phase is completed in the vector.

Avian haemosporidia are found on all continents except Antarctica, infecting a very large range
of host species. There are more than 200 morphologically-distinct species of Plasmodium,
Haemoproteus and Leucocytozoon that develop in a variety of bird and vector species.
Plasmodium is often considered to be a generalist, transmitted between different avian orders,
whereas Leucocytozoon and Haemoproteus species tend to exhibit a higher degree of specialism
towards their vertebrate hosts (Valkiunas, 2005). The diversity of haemosporidia is closely
linked to the richness of avian species, so the parasite community present in a specific location
is influenced by the composition of avian host species, as well as by the distribution of vectors.

Haemoproteus are, globally, the most prevalent of the haemosporidia. Over 150 species have
been defined, categorized into 2 subgenera: Haemoproteus comprises species that are transmitted
by Hippoboscidae (louse flies), and Parahaemoproteus are species transmitted by
Ceratopogonidae (biting midges). Over 40 species within the genus Plasmodium affect birds;
the parasites are transmitted by mosquitoes, mainly Culicidae (e.g. Culex). Plasmodium relictum
is one of the most widespread avian malaria parasites in the world, and has been linked to the
extinction of some bird species (Atkinson and Samuel, 2010). Leucocytozoon parasites are
unique amongst the avian haemosporidia as they only infect birds. The genus is the least studied
of the avian haemosporidia. There are over 45 morphologically distinct species (Valkiunas and
Iezhova, 2023). Leucocytozoa are transmitted by black flies (Simuliidae), except for 1 species,
Leucocytozoon caulleryi, which is transmitted by biting midges (Ceratopogonidae).

The prevalence of avian haemosporidia was shown to be influenced by factors including
temperature, altitude, latitude and season (reviewed in Sehgal, 2015). Generally,
Haemoproteus is more prevalent at higher elevations and in more arid environments.
Leucocytozoon is also found more commonly at higher elevations, whereas Plasmodium species
are more frequently found at lower elevations. Prevalence has also been shown in some studies
to be affected by the bird host age, sex, migratory status, foraging behaviour (whether at
ground level or in the canopy), body mass and plumage colour (reviewed in Fecchio et al.,
2021). Part of the explanation for these observations lies in the vector distribution and
behaviour: blackflies which transmit Leucocytozoon species are more prevalent at higher
altitudes, whereas mosquitoes which transmit Plasmodium are found in higher abundance
at lower elevations. For Haemoproteus species, the Hippoboscidae vectors (louse flies) live
most of their adult life on their host (obligate ectoparasitism), and therefore may be less influ-
enced by different habitats in which their hosts move, whereas Parahaemoproteus vectors, biting
midges (Ceratopogonidae), are opportunistic feeders on birds (free living ectoparasites).
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The avian haemosporidia have very high genetic diversity.
Studies on species diversity, host range and geographical distribu-
tion of avian haemosporidia were greatly aided by the develop-
ment of a sequence database of cytochrome b gene lineages,
known as MalAvi (Bensch et al., 2009). The database currently
catalogues parasites from over 2000 bird species with around
5000 unique lineages in total, over 2000 of which are
Haemoproteus species, and the remaining lineages are split evenly
between Leucocytozoon and Plasmodium species.

Scope of the special issue

The present special issue has 6 articles and 1 review. It begins with
3 papers describing the diversity of avian haemosporidia in 2 dis-
tinct habitats in Northern and Southern America respectively, and
within larid seabirds in South Africa. The 4th paper describes a
detailed phylogenetic analysis of a new species of Leucocytozoon,
identified in a terrestrial bird in Brazil. The next 2 papers address
evolutionary questions in avian malaria parasites, one examining
host—parasite co-phylogeny in Haemoproteus infections in passer-
ine birds in the United Kingdom, and the other haemosporidian
infections in suboscine passerine birds, the Asities, native to
Madagascar. Finally, the issue closes with a review of vector
immune responses to infection with haemosporidian parasites. A
brief summary of the individual contributions is given below.
Viridiana Martinez and colleagues report on the diversity of
avian haemosporidia in the Davis Mountain sky islands of West
Texas (Martinez et al., 2023). Sky islands are distinct, isolated
mountain habitats, characterized by great species richness, sur-
rounded by radically different lowland habitats such as deserts.
The Davis Mountain region has rich species diversity with over
277 bird species, and also forms a temperate breeding ground
for migrating birds. Both resident and migratory bird species
were sampled, and more than 40% were found to be infected
with haemosporidian parasites. Haemoproteus was the most com-
mon genus, but Plasmodium and Leucocytozoon were also pre-
sent, and a small number of birds were infected with multiple
species or lineages. The overall prevalence of infection, and the
lineages present, were comparable to that seen in similar habitats
in New Mexico, although 55% of the lineages found were previ-
ously unreported. Specialist lineages were more common amongst
Haemoproteus than Plasmodium infections, which were mostly
generalist. Comparing migratory and resident species, the authors
concluded that host phylogeny played a more significant role in
parasite prevalence than migratory status. Adult birds had higher
prevalence than hatch-year birds, which the authors suggest could
be due to a down-regulation of immune responses during repro-
duction, an increased exposure to vectors during nesting or for-
aging activities, or a higher mortality in infected juveniles.
Daniela de Angeli Dutra and co-authors studied how host
phylogeny and seasonality influenced haemosporidian infection
in the Caatinga, a seasonally dry tropical forest in Brazil, with
over 200 bird species (de Angeli Dutra et al., 2023). Over 900
samples were taken over 4 seasons, and they found a higher diver-
sity and prevalence of haemosporidian infections than has been
reported from other regions of Brazil: an average prevalence of
51% with 32 different lineages. Haemoproteus was the most com-
mon genus, followed by Plasmodium (Leucocytozoon was not
studied as it is believed to be at low prevalence in Brazil). Five
lineages of Haemoproteus were found, mainly in columbiformes,
with 2 lineages found in passerines. Seventeen lineages of
Plasmodium were found, mainly in passerines. Parasite prevalence
was found to be influenced by seasonality, with higher prevalence
in the rainy season for Plasmodium, but in the dry season for
Haemoproteus. This was perhaps surprising since the vectors
are most abundant during the rainy season, but columbiformes
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were more common in the dry season. Overall, the study revealed
a very high level of phylogenetic association between haemospor-
idian infection in birds: closely-related avian hosts harboured
similar prevalence patterns within the community. In contrast
with previous studies in Brazil which found Plasmodium to be
the most common haemosporidian genus, the high prevalence
of Haemoproteus observed could be explained by the high abun-
dance of columbiformes in the Caatinga.

Ralph Vanstreels and co-authors present a survey of infections
in Laridae aquatic birds — a suborder with more than 170 species
including gulls, skuas and puffins (Vanstreels et al, 2023).
Previous studies in this avian suborder revealed a low diversity of
haemosporidian parasites, which could be explained by a limited
sampling effort, or to their occupation of habitats with less abun-
dant vectors. They reported 4 species of Haemoproteus in 2 gull
species in South Africa. Almost 20% of wild kelp gulls (Larus
dominicanus) were found to be infected with Haemoproteus jen-
niae, the first record of this species in Africa, and only the 4th pre-
vious recording globally, forming a new cytb lineage different to the
existing H. jenniae lineages. This species was also found, for the
first time, in 1 sample of a Hartlaub’s gull (Larus hartlaubii),
and thus appears to be distributed across Laridae seabirds. In add-
ition, the authors provide a redescription of Haemoproteus skuae
taken from a brown skua - previously described only once from
the same host species, in the same location in Cape Town, in 2010.

Utilizing morphological and molecular data, Lis Vieira and
co-authors report on the analysis of the first mitochondrial genome
of a new species of Leucocytozoon found in a non-migratory
Brazilian bird, the Red-legged Seriema (Cariama cristata), the first
report of a competent host for leucocytozoa in Brazil (Vieira et al,
2023). The new species is named Leucocytozoon cariamae, and is dis-
tinguished from the Leucocytozoon fringillarum group by its micro-
gamete morphology. The most closely-related species based on the
mitochondrial genomes are leucocytozoa found in birds of different
orders (tawny owls, American kestrel), but with different and distinct
morphology. Leucocytozoon transmission has previously been
deemed negligible outside the highland areas of Brazil, despite the pres-
ence of the vector blackflies, but the authors suggest that submicro-
scopic infections may be present in the Neotropics at low- and
mid-elevations. The bird was also coinfected with Haemoproteus
pulcher, and the authors present additional analyses of the mitochon-
drial genomes of H. pulcher and Haemoproteus catharti that suggest
these species are more closely related to the reptile parasites
Haemocystidium, with which they form a monophyletic group.

Cospeciation, co-phylogeny and the origins of haemosporidia

As parasites and their hosts co-evolved, some parasites specialized
to 1 host species, with high efficiency, whereas others adapted to
several hosts, with a trade-off of lower efficiency. Specialization
can trigger evolutionary arms races and can result in speciation
in both parasite and host (co-speciation). Processes such as
host-switching, where parasites successfully infect and adapt to
a new host, duplication, where a parasite diverges and speciates
within its original host, sorting, where a parasite becomes extinct
within a host species, and inertia, where hosts speciate but para-
sites fail to diverge, all affect host-parasite relationships.

Charlie Woodrow and co-authors have used Haemoproteus
infections in passeriform bird hosts to investigate host-parasite
co-phylogeny (Woodrow et al., 2023). Sampling 32 passerine spe-
cies in the south of England, they found almost 60% to be infected
with Haemoproteus, and identified 30 lineages, 9 of which were
novel (ie. not in the MalAvi database). 23 lineages were found
only in 1 bird species. The highest parasite richness was found
in the blackcap Sylvia atricapilla, which also had the highest para-
site specificity — 7 lineages were found, 6 of which were exclusive
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to the blackcap. The presence of a generalist parasite lineage
masked an underlying co-phylogeny - removing this from the ana-
lysis allowed the identification of host-switching and duplication as
contributory factors favouring coevolution of parasite and host.
Hannah Barbon and co-authors present a study of haemospor-
idian infections in a family of birds - the Asities (Philepittidae) -
that are native to Madagascar (Barbon et al, 2023). The Asities
represent a single radiation, with 4 extant species in 2 genera,
that feed on fruit (Philepitta spp.) and nectar (Neodrepanis spp.).
They compared parasite infection in Neodrepanis spp. to that
found in Malagasy sunbirds (Cinnyris spp.), with which they
share habitat and nectar foraging behaviour, to test if ecological
factors were stronger influences on parasite prevalence than phylo-
genetic relationships between the avian hosts. They found a high
prevalence of haemosporidian infection in all bird taxa studied.
Cinnyris species were found to have predominantly specialist hae-
mosporidian lineages, whereas Philepittidae were found to have
mainly generalist lineages, with no Haemoproteus and few mixed
infections, suggesting that these birds may be resistant to the para-
site species circulating in Madagascar. Haemosporidian parasite
composition was more similar for more closely related avian
hosts than those that shared habitat and foraging behaviour, and
the authors conclude that haemosporidian infections are driven
primarily by host phylogenetic rather than ecological factors.

Vectors

Finally, Irene Hernandez-Caballero and colleagues present a sys-
tematic review of vector responses to infection with haemospori-
dian parasites, focussing on gene expression in Culex
quinquefasciatus mosquitoes during infection with P. relictum,
and comparing the results with Anopheles infection with human
malaria Plasmodium falciparum (Hernandez-Caballero et al.,
2023). They discuss the relative importance of the 3 main immune
response pathways: Toll, Imd and JAK/STAT, as well as changes
in metabolic pathways observed during infection in the different
parasite-vector combinations. The authors also highlight the rela-
tive paucity of studies on avian malaria — vector interactions.

Summary

The papers presented in this special issue serve to highlight the
extreme diversity within the avian malaria parasites, and the
growing use of these parasites to explore evolutionary questions.
Avian hosts globally exhibit a high prevalence of infection with
haemosporidian parasites. Both generalist and specialist lineages
of haemosporidians are common, and all papers report novel
lineages, adding to the thousands already in the MalAvi database.
Host phylogeny is repeatedly identified in the papers presented
here as significant in explaining lineage prevalence. The descrip-
tion of a new species, Haemoproteus cariamae, and the redescrip-
tion of H. skuae continue the long history of Parasitology in the
taxonomy of parasite species.
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