
Caracterización del genoma de Haemoproteus
(Haemoproteus) columbae: como herramienta para el

estudio evolutivo del orden Haemosporida

Characterization of Haemoproteus (Haemoproteus)
columbae genome: as a tool for evolutionary study of

Haemosporida order

Axl S. Cepeda

Universidad Nacional de Colombia
Facultad de Ciencias, Departamento de Biología

Maestría en Ciencias - Biología
Bogotá D.C., Colombia

2019





Characterization of Haemoproteus
(Haemoproteus) columbae genome: as a

tool for evolutionary study of
Haemosporida order

Axl S. Cepeda

Tesis presentada como requisito parcial para optar al título de:
Magister en Ciencias - Biología

Directora:
Ph.D. Nubia Estela Matta Camacho

Departamento de Biología, Universidad Nacional de Colombia.

Línea de Investigación:
Relación Parasito Hospedero: Genómica

Grupo de Investigación:
Caracterización Genética e Inmunología

Universidad Nacional de Colombia
Facultad de Ciencias, Departamento de Biología

Bogotá D.C., Colombia
2019





Lema

“Un gran pensador inglés dijo que la verdadera
Universidad hoy en día son los libros, y esta
verdad, a pesar del desarrollo que modernamen-
te han tenido las instituciones docentes, es en la
actualidad más cierta que nunca. Nada aprende
mejor el hombre que lo que aprende por sí
mismo, lo que le exige un esfuerzo personal de
búsqueda y de asimilación; si los maestros sirven
de guías y orientadores, las fuentes perennes del
conocimiento está en los libros”.

Próposito del Libro; Fausto - Goethe

“... Creéis que todo tiene un límite, y así estáis
todos, limitados ...”

Cuidado - Eskorbuto
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Abstract
Research on malaria has focused during a long time on the parasites that infect humans.
However, it is also true that most information about the biology of this parasites comes from
experimental models. For this reason, this thesis focuses on a Haemosporida parasite closely
related to the Plasmodium genus, which is the Haemoproteus parasites.

Methods include standardizing an experimental animal model for the Haemoproteus trans-
mission. The approach involved the natural host Rock Pigeon (Columba livia), the louse flies
(Pseudolynchia canariensis) which are the vectors and the parasite Haemoproteus columbae.
The first hole in the road to overcoming was to increase the number of parasites present in
the blood sample (parasitemia); in this way, it was possible to reduce the gap between the
proportion of host DNA and parasite DNA. Besides, there was necessary to standardize the
conditions to reared louse flies in the lab, and the methodologies that allow following the
infection both in the vector and in the vertebrate host these results are shown in Chapter 6.

On the other hand, total genomic DNA was sequenced on Illumina HiSeqX 150-bp tech-
nology, resulting in a total of 628′859;636 pair-end reads. It allows obtaining the complete
apicoplast and mitochondrial genomes, with enough coverage to be considered reference ge-
nomes. These results are shown in Chapters 7 and 8.

Regarding the Apigenome, phylogenetic, phylogenomic and evolutionary analyses were ca-
rried out, highlighting an evolutionary dynamic related to GC content bias within Haemos-
porida order, which had an impact on the Substitution Saturation of coding sequences as
well as in the Codon Usage. Finally, a draft nuclear genome was assembled, and 3976 genes
were annotated. Likewise, evidence of LTR-transposon sequences was found, which play a
critical role in the evolutionary dynamics of genomes (Chapter 8).

In conclusion, this thesis present to the scientific community an experimental animal model
that undoubtedly will allow new approximations to characterize the life cycle of vector-borne
parasites. The apicoplast genome of this parasite allowed us to study the evolutionary dyna-
mics of this organelle inside and outside the Haemosporida order. Finally, we generate the
first draft genome of parasite belonging to Haemoproteus genus, subgenus Haemoproteus,
which it could be useful for genetic, immunological, evolutionary, and ecological studies,
among others. Altogether, this thesis generates valuable information that open possibilities
to explore new approaches to characterize in-depth the biology, evolution and phylogenetic
relationships of apicomplexan parasites.
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Objectives

General objective

To characterize the Haemoproteus columbae genome, in order to increase the phylogenetic
resolution of Haemosporida order.

Specific objectives

1. To obtain genomic DNA of H. columbae from the enrichment of parasites present in
blood samples from the host.

2. To characterize structurally and functionally some genes present in assembled sequen-
ces of H. columbae genome.

3. To carry out a phylogenomic approach of the Haemosporida order, including genomic
sequences of H. columbae.
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Introduction

The Hemosporidia are an order of parasites widely distributed in the world, capable of infec-
ting amphibians, birds, mammals and reptiles; of which, three genera have special importance
in epidemiology, public health and in wildlife conservation: Plasmodium, Leucocytozoon and
Haemoproteus (Bennett et al., 1965; Valkiūnas, 2005). However, Plasmodium has been the
most historically studied parasite, because it contains the most pathogenic species for hu-
mans such as P. falciparum and P. vivax (WHO, 2015) and for birds P. relictum (van Riper
et al., 1986).

Although there are approximately 2; 405 molecular lineages of the mitochondrial cytochrome
b gene deposited in the parasitic database of MalAvi (Bensch et al., 2009), there is still no
consensus on the phylogenetic relationships of this order. Some authors, such as Martinsen
et al., (2008) and Pacheco et al., (2017) propose to genus Haemoproteus as a polyphyletic
group. Whereas Valkiūnas et al., (2008), Levin et al., (2013), and Field et al., (2018) propose
to genus Haemoproteus as a monophyletic group. Therefore, it is necessary to increase the
omic information to carry out more robust analyzes at an evolutionary, phylogenetic, genetic
and epidemiological level, among others in Haemosporida order.

I think that four major problems persist within this order that prevent a more accelerated
advance in the inconsistency of phylogenetic hypotheses: 1) low phylogenetic resolution ge-
nerated by small sizes of the molecular markers availables (470bp for cyt b gene; Hellgren
et al., 2004), paucity of experimental models (Bukauskaitė et al., 2015; Bukauskaité and Val-
kiūnas, 2016; Cepeda et al., 2019a); 2) the proportion of parasitic DNA versus host DNA
(for haemosporida that infect birds, reptiles and amphibians) can reach values of 1 : 100000,
due to the presence of nucleated erythrocytes, parasite haploid phase, parasitaemia, among
others (Videvall, 2019); 3) Insufficient information for parasites present in wildlife (Bahl
et al., 2003; Bensch et al., 2009; Bensch et al., 2016; Böhme et al., 2018); and 4) few analysis
on evolutionary features of these nuclear, mitochondrial and apicoplast genomes (Pacheco
et al., 2017; Cepeda et al., 2019b).

Currently, except for the known models in macaques and mice, there are few animal models
available to study and characterize the host-parasite-vector interactions in avian Haemospo-
ridian, that at the beginning demonstrated were very important in advance of the knowledge
of malaria parasites (Valkiūnas, 2005). One of the models is Serinus canaria - Culex quinque-
fasciatus and Culex pipiens mosquitoes and the another one is Agelaius phoeniceus and Cx.
pipiens, which are used for modelling interactions between malaria parasites (Plasmodium
species) and avian host (LaPointe et al., 2005; Kimura, 2008; Valkiūnas et al., 2015). For
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that reason one of the main aims of this thesis project was to standardize an experimental
model for parasites of the subgenus Haemoproteus (Cepeda et al., 2019a submited).

Important to mention that the statistical analysis centre of the European Nucleotide Ar-
chive (ENA, 2017) annually reports that information at the genomic level is doubled, with
884;4 million sequences deposited in public databases for the date. Nonetheless, there are
only available 22 reference nuclear genomes of the genus Plasmodium (PlasmoDB) and one
of the genus Haemoproteus (subgenus Parahaemoproteus ; Bensch et al., 2016) from the 500

species that build up the order Haemosporidia; 114 mtDNA genomes from species belonging
to four genera: Leucocytozoon, Haemoproteus (subgenera Haemoproteus and Parahaemopro-
teus), Plasmodium, and Hepatocystis (Pacheco et al., 2017); at least 20 apicoplast genomes
belonging to Plasmodium species (Arisue et al., 2012; Arisue et al., 2019) and one from L.
caulleryi (Imura et al., 2014). However, there is a general bias in genomic evolution studies of
Haemosporidian order, as most researchers focus parasites that infect humans or organisms
close to humans. Therefore, the availability of data and analyses of parasites that infect
wildlife is limited (Arisue et al., 2012; Imura et al., 2014; Bensch et al., 2016; Böhme et al.,
2018; Field et al., 2018; Arisue et al., 2019; Cepeda et al., 2019b).

In addition, the recent publication of omic data from parasites infecting birds (Bensch et al.,
2016; Böhme et al., 2018; Field et al., 2018), could demonstrate the importance of this infor-
mation to improve genetic and evolutionary approaches in Haemosporida order. Therefore,
this thesis also aims to generate new genomic information about Haemoproteus (subgenos
Haemoproteus) parasites.
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P., and Matta, N. E. (2019a). The experimental characterization of complete life cycle
of Haemoproteus columbae, with description of natural host-parasite system to study this
infection. International Journal for Parasitology, submitted.

Cepeda, A. S., Pacheco, M. A., Escalante, A. A., Alzate, J. F., and Matta, N. E. (2019b).
Haemoproteus columbae apigenome: as an approach for evolutionary and phylogenetic
studies of the apicoplast. In preparation.

Field, J. T., Weinberg, J., Bensch, S., Matta, N. E., Valkiūnas, G., and Sehgal, R. N. (2018).
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Theoretical framework

Haemosporida order: life cycle and genome
The Haemosporida order is a group of protozoan parasites that infect different classes of
the animal kingdom and includes more than 500 morphological species organized into four
families: Garniidae, Haemoproteidae, Leucocytozoidae, Plasmodiidae (Valkiūnas, 2005; Adl
et al., 2012 ).

This order presents a complex life cycle, which alternates between a vertebrate host (haploid
phase) and an invertebrate vector (diploid phase). Sporozoites are the infective form that
enters into vertebrate host when a vector insect takes blood meal. These forms have tropism
by diverse tissues that include liver, spleen, brain, lung, among others (Valkiūnas, 2005).
After some tissue cycles, the parasites come out to blood and infect mature or immature
blood cells depending on species.

The final phase culminates with the formation of gametocytes named microgametocytes and
macrogametocytes that circulate in blood. The fertilization occurs in the invertebrate when
the vector feeds on infected blood with these parasites; the microgametocytes generate male
gametes process called exflagellatio (Valkiūnas, 2005; Coral et al., 2015), which fertilize the
female gamete (from macrogametocytes) ), forming the zygote.

The zygotes transform into mobile forms called ookinetes, which are lodged in the intestinal
epithelium of the vector forming oocysts. The oocysts begin a meiotic cycle followed by a
mitotic cycle, which the latter generates the sporozoites, which will travel to the glands of
the vector (Valkiūnas, 2005).

Haemosporida genomes are usually small (20 to 33.6mb; Fig. 5-1) and arranged into 14
chromosomes; the length of each chromosome is characteristic of each species. In addition,
most of these genomes have a low GC content, being approximately between 19 and 30%
(GC content bias; Fig. 5-1; Kissinger and DeBarry, 2011; Carlton et al., 2013; Bensch et al.,
2016; Böhme et al., 2018). However, species such as P. vivax and P. knowlesi have a higher
GC content, around 40% (Fig. 5-1; Rutledge et al., 2017).

Recently Boehme et al., (2018) found evidence of transposable elements in Plasmodium ge-
nomes that infect birds; sequences that have not been reported in Plasmodium genomes that
infect mammals (Fig. 5-1; Carlton et al., 2013).
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Figure 5-1.: Graphical overview of key features of all Haemosporida reference genomes. Figure taken and modified from Boehme
et al., (2018)

Haemoproteus genus

Haemoproteus genus belongs to family Haemoproteidae and about 150 species have been
described (Valkiūnas, 2005; Iezhova et al., 2011). Haemoproteus has wide distribution, in-
cluding countries with cold climates (Oakgrove et al., 2014). Haemoproteus spp. are able
to infect wild, domestic and poultry birds (Saif et al., 2003), causing serious pathologies
(Olias et al., 2011) that manage to affect host fitness, parental care, increase probability of
predation, and even death (Ferrell et al., 2007; Møller and Nielsen, 2007; Islam et al., 2014).
Therefore, the study of this parasitic infection has been intensified in order to determine
economic losses and to generate control strategies (Islam et al., 2014).

Similar to Plasmodium parasites, Haemoproteus is recognized morphologically by its pro-
duction of hemozoin granules (malarial pigment) in host blood cells. Bennett et al., (1965)
propose to divide this genus into two sugberena, Haemoproteus and Parahaemoproteus, dif-
ferentiating themselves from each other by ecological features, life history , morphology and
vectors implied in their transmission. Haemoproteus subgenus infects mainly Columbifor-
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mes and fregates belonging to Pelecaniformes and Charadriiformes (Valkiūnas, 2005; Levin
et al., 2011; Levin et al., 2012), and is transmitted by diptera of the Hippoboscidae family.
These findings on infections in endemic bird species by Haemoproteus subgenus can have
devastating consequences on biodiversity and wildlife, as occurred recently with the arrival
of P. relictum in Hawaii (van Riper et al., 1986).

By contrast, Parahaemoproteus subgenus infects birds that do not belong to the Columbi-
form order, and is transmitted by diptera of family Ceratopogonidae (Valkiūnas, 2005). The
division in two subgenera is soported by molecular tools (Martinsen et al., 2008).

Genomic assembly
Genome is understood as "the complete group of sequences in the genetic material of an
organism. Which includes the sequence of each chromosome, plus any DNA present in orga-
nelles such as mitochondria" (Brown, 2008). On the other hand, the approximation or draft
genome refers to "a genomic DNA sequence with less accuracy than the final sequence; some
segments are missing or in the wrong order or orientation" (MGI, 2017).

The assembly is assumed as the "computational reconstruction of a long sequence from mul-
tiple reads of small sequences"(Ekblom and Wolf, 2014); this groups of reads are grouped in
contigs and contigs, in scaffolds. The contigs provide a multiple alignment of the reads and
the consensus sequence; through the scaffolds, the order, orientation and size of the gaps are
obtained between the contigs (Miller et al., 2010). There are two types of assembly approach:
de novo and comparative. The first one refers to the reconstruction of a contiguous sequences
without making use of a reference genome, while the comparative assembly uses a reference
genome as a guide (Ekblom and Wolf, 2014).

Additionally, the assembly is based on graph algorithms. A graph is the representation of
a set of objects through nodes or vertices that are connected by edges (Miller et al., 2010).
The different paths that can be formed between the nodes have been considered for genome
sequences assembly such as the Hamiltonian path (each node is visited only once) and the
Eulerian path (each edge is visited only once; El-Metwally et al., 2014). The three types of
assembly algorithms are: Overlap/Layout/Consensus (OLC), Greedy graphics and Bruijin
graphics.

OLC algorithm is based on finding the Hamiltonian path, originally used for the assembly
of data from sequencing by Sanger, later it was optimized for large genomes and used in the
assemblers of Celera, Arachne, CAP and PCAP. These assemblers perform a pre-calculation
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through all the reads to select the overlapping candidates according to which it uses the
k-mer identified as seeds of alignment, and elaboration of the overlap chart through which
the consensus sequence is obtained (Miller et al., 2010).

Greedy algorithm looks for sub-strings of whole set of reads with maximum score, and it
calculates alignments pairs of all the fragments choosing the fragments with the greater
overlapping, then joins the different fragments that previously it has evaluated. The abo-
ve procedure is performed until the assembly is complete. According to El-Metwally et al.,
(2014), the main problem with this algorithm is that it gets stuck in local maxima. Some
assemblers with the focus of the Greddy algorithm are SSAKE and SHARCS.

Bruijin algorithm is based on the Eurelian path, in a scenario where the reads do not present
errors, therefore, through a k-mer, the construction of the graph is performed and consensus
sequence (Compeau et al., 2011). Velvet, SPAdes, ABySS and Euler are some assemblers
base on Bruijin graph algorithm (El-Metwally et al., 2014).

Structural and functional genome annotation
Genomic annotation occurs at two levels: structural and functional. The first one consists of
searching for biologically relevant sites, determining a coherent model for the whole assem-
bled sequence in which each target is properly defined and each component of the object has
a unique location. The second level corresponds to processing information, it is consisting
of attributing specific and relevant information to the assembled sequence, for example, mo-
lecular function, biological function, metabolic function of each structurally annotated gene
(Rouzé et al., 1999).

Besides, structural annotation has as its main objective the search or prediction of genes, in
this case only those coding for proteins, encoding structural RNAs or simply comments on
the sequence. The structural annotation will recognize genes, their locations in the assembled
sequences, the structure of the genes (promoter, UTR, start codon, exons, introns and stop
codon). There are three methods to carry out the structural annotation of genomic sequences:

1. ab initio: this method uses only the properties of the sequence to predict the location of
genes, based on algorithms that discriminate coding and non-coding regions, through
the presence of open reading frames (ORF) to infer where the gene is located.

2. homology: this method is based on use of algorithms (such as BLAST) to deduce the
location and structure of genes from the comparison of assembled genomic sequences
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with databases.

3. hybrid: it makes use of the two previous methods.

Likewise, structural annotation is able to occur at the level of nucleotides, answering the
questions: where are the genes located ? And at the level of proteins: what genes are present
in assembled genomic sequences? (Rouzé et al., 1999).

Functional annotation of genes refers to the comparison and statistical analysis of several lists
of genes, which by statistical methods identifies functional annotations which the analyzed
genes are significantly related (Rouzé et al., 1999). Like structural annotation, the functional
annotation can be carried out by 3 different methodologies:

1. Over-representation analysis (ORA): it checks statistical over-representation of a list
of interest genes in a reference list. Methods such as Fisher’s exact one-tailed test or
hypergeometric distribution are used.

2. Gene set enrichment analysis (GSEA): it incorporates the expression values, FC values
or p values of all the genes to test of statistical significance analysis.

3. Integrative and modular enrichment analysis (IMEA): it takes into account the depen-
dencies among genes inferred from biological networks, ontologies graphs or combina-
tions of different types of annotations.
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Coral, A. A., Valkiūnas, G., González, A. D., and Matta, N. E. (2015). In vitro development of
Haemoproteus columbae (haemosporida: Haemoproteidae), with perspectives for genomic
studies of avian haemosporidian parasites. Experimental parasitology, 157:163–169.

Ekblom, R. and Wolf, J. B. (2014). A field guide to whole-genome sequencing, assembly and
annotation. Evolutionary applications, 7(9):1026–1042.

El-Metwally, S., Ouda, O. M., and Helmy, M. (2014). Next generation sequencing technologies
and challenges in sequence assembly, volume 7. Springer Science & Business.

Ferrell, S. T., Snowden, K., Marlar, A. B., Garner, M., and Lung, N. P. (2007). Fatal
hemoprotozoal infections in multiple avian species in a zoological park. Journal of Zoo
and Wildlife Medicine, 38(2):309–316.

12



Iezhova, T. A., Dodge, M., Sehgal, R. N., Smith, T. B., and Valkiūnas, G. (2011). New
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Figure 6-1.: Graphical Abstract

6.1. Abstract
Characterization of complete life cycles of haemoparasites requires maintaining suitable susceptible
vertebrate hosts and vectors for long periods in captivity, in order to follow the complete parasitic
cycle. Such studies require to follow the development of different parasite stages in definitive and
intermediate hosts. Currently, there are few host-parasite models established in avian haemospori-
dian research, and they have been developed mainly for Passeriformes species and their parasites.
This study aimed at developing an experimental methodology to access the complete life cycle of
Haemoproteus columbae (cytb lineage HAECOL1), which parasitize the Rock Pigeon Columba livia
and Pseudolynchia canariensis (louse fly). A colony of louse flies (Hippoboscidae), which are the
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natural vectors of this parasite, was established. Thirty newly emerged insects were exposed to H.
columbae infection and used to infect naïve Rock Pigeons. The peak of parasitaemia (acute stage)
was seen between 27 to 32 dpi when up to 70% of red blood cells were infected. The crisis occurred
approximately one week after the peak, and the long-lasting chronic parasitaemia stage was follo-
wed. Exo-erythrocytic meronts were seen mainly in the lungs where extensive tissue damage was
reported, but also in the kidneys and spleen. In vector, the sporogonic cycle of H. columbae was
completed between 13 to 16 days post infection (dpi) at the average temperature ranging between
12 and 15°C. This host-parasite model is tractable to maintain in captivity. It is recommended to
use in studies aiming for detailed characterization of host-parasite relationships in areas such as
physiology, pathology, immunobiology, genetics as well as for evaluative treatments and to follow
the infection in any stage of parasite development both in the vertebrate or invertebrate host.

6.2. Introduction

Haemoproteus species (Haemosporida, Haemoproteidae) are vector-borne parasites widely distri-
buted in birds worldwide (Thomas et al., 2008; Valkiūnas, 2005). There are approximately 170
described species in the genus There are approximately 170 described species in the genus Hae-
moproteus, which are classified into two subgenera based not only on their genetic differences but
also, in the vectors where the sexual development take place (Martinsen et al., 2008). The parasites
that belong to the subgenus Parahaemoproteus are transmitted by biting midges (Culicoides), while
Hippoboscidae species transmit parasites of the subgenus Haemoproteus (Adie et al., 1915; Baker,
1957; Valkiūnas, 2005; Valkiūnas et al., 2010).

The sexual process and sporogonic cycle of H. columbae occur in Pseudolynchia canariensis (louse
fly; Adie et al., 1915; Valkiūnas, 2005). In these louse flies, the eggs hatch into the mother’s uterus,
and there three stages of larvae development take place. The larvae feed on nutrient fluids secreted
by paired milk glands in the louse fly uterine wall until they become pupae (Bishopp, 1929; Baker,
1967; Harwood et al., 1979;). Female flies deposit pupae on the substrate in or around pigeon nests
(Bishopp, 1929; Waite et al., 2012a).

The sporogonic cycle of Haemoproteus species in flies takes between 6.5 and 10 days until parasites
reach the salivary glands (Adie, 1915; Baker, 1966). Coral et al., (2015;) demonstrated that exfla-
gellation in vitro occurs as quickly as 3 min at 40°C AEA (after exposure of infected blood to air),
when micro- and macrogametes appear; zygotes appear 5 min AEA, developing ookinetes 45 min
AEA and mature ookinetes were observed 20 hours AEA. Gallucci (1974;), indicates that there is
no way to distinguish the ookinetes of H. columbae developing in vitro from those differentiating
in vivo, but different sizes of these mature structures have been reported in other studies. In vivo
the oocysts have been seen protruding outside of the midgut wall when mature (Baker, 1957;);
they are usually larger than 30µm in diameter and contain numerous germinative centres; this may
partly explain why the sporogonic cycle of the Haemoproteus parasite is longer than that of the
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Parahaemoproteus species, in which tiny oocysts (< 15 µm in diameter) with one germinative centre
occur (Adie et al., 1915; Valkiūnas, 2005). In louse flies, the salivary glands are tightly packed and
wrapped by the digestive tract (Adie et al., 1915). Sporozoites (infective stages for birds) are elon-
gate bodies that appear 10 to 12 days post-infection (dpi; Adie et al., 1915)). Histological changes
(disruption of basal membranes and inflammation) have been reported in heavily infected salivary
glands of louse flies (Klei and De Giusti, 1973).

The merogony and development of gametocytes of H. columbae occur in its natural host, the Rock
Pigeon Columba livia (Valkiūnas, 2005). This bird species is of cosmopolitan distribution and is wi-
dely raised as domesticated ornamental birds. In Colombia, these pigeons are considered an invasive
species (Baptiste et al., 2010) and/or a pest that even may cause health problems in humans due
to the high number of associated pathogens (Villalba-Sánchez and J., 2014).

Haemoproteus parasites do not multiply in peripheral blood, and for that reason, it is unlikely that
they will infect a new avian host by direct inoculation of blood, as it readily occurs in Plasmodium
species (Valkiūnas, 2005). To access the infective stage (sporozoites) of haemoproteids, the sporo-
gonic development must be followed in the louse fly vector. Sporozoites of the parasites reach the
salivary glands of the vector, which inoculates them to birds during feeding. Another non-natural
alternative to achieve an infection by Haemoproteus parasites is the inoculation of either the spo-
rozoites from crushed infectious flies (Ahmed and Mohammed, 1978), or, the mature tissue stages
of the parasites (Atkinson, 1986) in the susceptible recipient avian host, but this mode of infection
is difficult to achieve in practise.

Currently, there are few animal models available to study and characterize the host-parasite-vector
interactions in avian haemosparidia. For instance, the interactions between avian malaria parasi-
tes (Plasmodium species) and their hosts have been studied mainly using two standardized models
which involves Culex (Cx.) quinquefasciatus and Cx. pipiens mosquitoes to transmit infections to
Serinus canaria or Agelaius phoeniceus. However, in the past other models involved chicken and
ducks (LaPointe et al., 2005; Valkiūnas et al., 2015). Additionally, various wild birds and biting
midges of the genus Culicoides (mainly Culicoides impunctatus and C. nubeculosus) were used to
study sporogony of some species of the subgenus Parahaemoproteus (Bukauskaitė et al., 2015; Bu-
kauskaité and Valkiūnas, 2016).

These animal models are tractable for using in experimental research due to the availability of
both avian host and vectors that can be maintained under controlled laboratory conditions. This
provides opportunities to sample parasitological material during experimental exposure of hosts.
Model organisms to access development of haemosporidian parasites of the subgenus Haemoproteus
remain non-accessed in experimental research. The main aims of this study were: 1) to develop a
use-able methodology to use for experimental research with H. columbae using its natural avian
host (Rock Pigeon) and its vector (louse fly) and 2) to follow the complete life cycle of H. columbae
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(cytb lineage HAECOL1) in experimentally infected insects and birds.

6.3. Materials and methods

6.3.1. Ethical considerations

The Bioethics Committee (Facultad de Ciencias of the Universidad Nacional de Colombia Act
number: 04 of 2017 and 03 of 2018) approved the methodology used in this study. Fieldwork was
done under permit No. 0255 granted by Autoridad Nacional de Licencias Ambientales (ANLA).

6.3.2. Parasite lineage isolation and characterization

The cytochrome b lineage of H. columbae HAECOL1 was found in a naturally infected C. livia
(pigeon No. 20) captured in Bogotá city-Colombia. In order to maintain the same clone of the
parasite lineage, three naïve pigeons were infected experimentally by louse fly bites infected with
the HAECOL1 lineage (Table 6-1; Fig. 6-2).

6.3.3. Cloning the infection of Haemoproteus columbae (lineage
HAECOL1)

The exposure procedures of Rock Pigeons and louse flies to HAECOL1 lineage were as follows.
Experimental pigeons were purchased from a pet shop (Table 6-1). Once in the laboratory, pigeons
were screened for haemoparasites by microscopy and PCR. On the other hand, eighteen naïve adult
louse flies (six per pigeon) were used to transmit the parasite to three naive pigeons (No. 68, 70
and 71). They were left in starvation from 12 to 14h in the incubator at 28°C with 30-40% relative
humidity. Then, the louse flies were allowed to feed during 24h on No. 20, the pigeon harbouring
mature gametocytes of the HAECOL1 lineage (2.4% of parasitaemia). At this parasitaemia, it was
estimated that one of six individuals got the infection (Table 6-3). Preening was avoided by using
restraint collars (Elizabethan bird collars) that were left until the end of the experiments. It is
important to mention that despite the use of such collars, birds were able to feed and move freely.
Then, all louse flies were collected manually and placed on uninfected pigeons (naïve) where they
were maintained permanently. The entire sporogonic cycle occurred in the insects during their nor-
mal process of feeding, and the insects infected Rock Pigeons by natural bites when sporogony was
completed. This procedure mimics the natural mode of infection and allows to clone the same lineage
of the parasite (HAECOL1) in new individual pigeons. The last procedure guarantees maintenance
of the same parasite lineage (HAECOL1) in its natural host.

6.3.4. Rock-pigeon sample and maintenance

The common Rock Pigeons were maintained in an outdoor aviary of the Biology Department-
Universidad Nacional de Colombia, where the average year-round temperature ranged between 12
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and 15°C (Bernal et al., 2007). Each bird was kept separately in a cage (50x50x50 cm) under a
natural photoperiod (approximately 12 h of dark and 12 h light). Likewise, a silk net covered each
cage to avoid contamination with external insects.

Eleven Rock Pigeons were purchased in a pet store and used in the present study as described in
Table 6-1. Once the individuals arrived at the laboratory, and before any experiment, pigeons were
tested for possible natural infection with Haemoproteus or another blood parasite using microscopic
and molecular methods every week during a month period. These pigeons were ringed and fed three
times daily, and water was provided ad libitum according to the requirements of this species (Soto
and Acosta, 2010). Main procedures of the experimental assays are shown in Fig.6-2.

Rock Pigeon Identification (number of individual) Use in the experiment
GERPH-UN820 (20) Original pigeon infected with HAECOL1, the source of the lineage
GERPH-UN868* (68); GERPH UN870 (70) GERPH-UN871*(71) To follow the infection in the pigeons
GERPH-UN870 (70); GERPH-UN875 (75) To follow the infection in the louse flies
GERPH-UN873 (73); GERPH-UN869 (69) Negative controls
And four pigeons without number Naïve pigeons to maintain the colony of louse flies

Table 6-1.: Identification of C. livia used in the present study. *GERPH-UN871 died at 64 dpi, GERPH-UN868 was euthanized
33 dpi

6.3.5. Microscopic examination and PCR protocols for detection
of Haemoproteus columbae

Pigeons were bled from the brachial vein. About 80µL of whole blood was taken in heparinized
micro haematocrit tubes (NRIS, vitrex medical A/S Ref 161315) to prepare three smears and the
remainder was stored in EDTA for molecular analysis. Additionally, another 80µL of blood was
collected in capillary tubes and centrifuged 5min at 5.000rpm (Scientific, Model HC-12A-Zenith
Lab INC, USA) and a Haematocrit Reader Card was used for haematocrit estimation.

Three blood smears were fixed in methanol and stained using 4% Giemsa solution (Valkiūnas,
2008). Parasitaemia was estimated by counting the number of parasites per 10000 erythrocytes.
Blood films for microscopic examination were prepared daily starting from the first-day until 64
days post-infection (dpi) to follow the course of parasitaemia. Uninfected pigeons (controls) were
tested once a week. H. columbae was identified according to Valkiūnas (2005). DNA from the blood
was extracted using DNeasy Blood & Tissue kit (Qiagen, GmbH, Hiden, Germany) and tested for
H. columbae by amplifying 480 bp of parasite mitochondrial cytochrome b gene (cytb) according
to Hellgren et al., (2004). The amplifications were evaluated by running 1.5µL of the final PCR
product on a 1.5% agarose gel.
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6.3.6. Histopathological analysis

The pigeon No. 68 was euthanized at 33 dpi with the aim to evaluate the impact of the infection in
selected tissues and to identify sites of exo-erythrocytic merogony. Brain, heart, kidney, liver, lungs,
and spleen were fixed in 10% buffered formalin and embedded in paraffin for HE routine staining.
A veterinary pathologist (P.B.) evaluated the case with an Olympus BX43 light microscope. Tissue
structures compatible with meronts and lesions in organs were reported. Digital images of parasites
were taken using an Olympus DP27 digital camera coupled to the microscope and processed with
the cellSens™ Microscope Imaging Standard software (Olympus, Tokyo, Japan).

6.3.7. Collection and maintenance of louse flies infected with H.
columbae (HAECOL1)

Louse flies were captured by hand from pigeons in Bogotá, Colombia (N 4°35’53” W 74°4’33”), and
they were removed manually from more than 100 feral Rock Pigeons, placed in rearing silk mesh
boxes (15x15x15cm) and transported to the laboratory. The collected insects were placed on a non-
infected caged pigeon for maintenance and reproduction. Since female louse fly can produce one
pupa every two days after they lay their first pupa (Herath, 1966), birdcages were examined once a
week looking for pupae that were mainly found in the cage litter. Pupae were placed in containers
and maintained in the incubator at 28°C and 30-40% relative humidity (Memmert model INB400,
Germany) until the emergence of the imagos. To increase the number of louse flies in the colony, all
emerged adults were maintained on uninfected pigeons and used as the parental for further repro-
duction, as described above.

The louse flies were identified to species level using morphological characters and the key by Hutson
(1984). The species identity was confirmed by amplification of a 658 bp barcode fragment of Cyto-
chrome Oxidase I (co1 ) using the primers LCO1490/HCO2198 (Vrijenhoek, 1994) according pro-
tocol by Colorado-Garzón et al. (2016).

6.3.8. The course of infection in louse flies

Twenty-three newly emerged non-infected louse flies (reared in the laboratory from pupae) were
distributed in 4 cohorts and infected in a period of 4 consecutive days, one cohort per day. Louse
flies belonging to each cohort were marked in the wings with a distinctive color (2012a), and left in
starvation for 12-14h in an incubator at 28°C with 30-40% of relative humidity. Then, they were
allowed to take blood meals on an infected pigeon N° 70 (??), whose parasitemia ranged between
1.3 and 2.0% during experiments. Detailed information about the number of individuals tested in
each group and the corresponding parasitemia of blood donor is provided in Table 6-3. After 24
h, insects were gathered from the infected pigeon No. 70 and transferred to a cage with one naïve
pigeon (No. 75). A maximum of 3 individuals were dissected every 2 or 3 days until 16 dpi. The louse
flies were dissected in order to follow the sporogonic development of the parasite according to the
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protocols suggested by Adie (1915). Dissections were carried out using a Carl Zeiss™ Stemi™ DV4
binocular stereo microscope (Oberkochen, Alemania). Salivary glands are tightly packed along with
the intestine in the abdomen, thus, using a blade, an incision was made in the posterior segments,
following the middle line. Then, abdomen contents were gently pulled out using an entomological
needle. Furthermore, to extract the goblet-shaped organ, which may contain sporozoites, a thin
cross-section of the ventral chitin plate of the thorax was performed using a sterile razor blade.
Thin films of midgut contents and salivary glands were prepared, fixed in absolute methanol and
stained with Giemsa as blood films. The midguts were stained with Mercurochrome 2% for 10-15
min and then examined under the microscope. If oocysts were found, permanent preparations were
performed; entire midguts were fixed in formalin, stained with Ehrlich’s hematoxylin and mounted
in diluted Canada balsam following the protocols suggested by Valkiūnas (2005), Kazlauskienė
et al., (2013) and Bukauskaitė et al., (2015). Images were prepared from both haematoxylin and
Mercurochrome stained preparations.

Figure 6-2.: Diagrammatic representation of the experimental approaches, which were used for the study of H. columbae life
cycle in C. livia and P. canariensis.
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6.3.9. Microscopic examination of vector preparations and parasite
morphology

An Olympus BX43 light microscope was used to examine preparations, prepare illustrations, and to
take measurements. All preparations were first examined at low magnification (400x) and then at
high magnification (1000x). Digital images of parasites were taken using an Olympus DP27 digital
camera coupled to the microscope and processed with the cellSens™ Microscope Imaging Stan-
dard software (Olympus, Tokyo, Japan). The morphometric features studied were those defined by
Valkiūnas (2005). Voucher specimens of ookinetes (GERPH-UNI002:HAE; GERPH-UNI001:HAE),
oocysts (GERPH-UNI006:HAE; GERPH-UNI0067:HAE) and sporozoites (GERPH-UNI022) of H.
columbae lineage HAECOL1, as well as the blood films, and histological preparations (biological re-
cord ID: UNAL:GERPH:UN868:HAE), were deposited in the Biological collection GERPH, Biology
Department, Universidad Nacional de Colombia Bogotá-Colombia.

6.4. Results

6.4.1. The establishment of a natural model system for
maintenance of H. columbae infection

We developed a methodology to establish a natural avian host-parasite-vector model to maintain
haemoproteid parasites belonging to the subgenus Haemoproteus. The described procedures were
tested several times and allowed 1) to obtain H. columbae infected avian hosts, 2) to sample sufficient
numbers of infected and non-infected louse flies, 3) to infect louse flies and to follow the complete
sporogonic development of H. columbae, and 4) to infect naïve birds and to follow the entire life
cycle in the natural vertebrate host. This methodology and host parasite model open opportunities
for precise investigations of various aspects of the biology of haemosporidian infections and access
more details about the development of H. columbae (HAECOL1) infection. Application of molecular
and morphological tools in parallel indicated that the louse flies P. canariensis are cosmopolitan
ectoparasite of Columbiformes birds. Also, these flies are competent vectors of the lineage HAECOL1
and are tractable to use in experimental vector research.

6.4.2. The course infection and dynamics of parasitaemia of H.
columbae (HAECOL1) in pigeons

Prepatent period was 19-20 dpi. The acute phase, determined by the continuous production and
constant accumulation of immature gametocytes with a parasitaemia lower than 15% (Ahmed and
Mohammed, 1978), started between 22 and 25 dpi in different individual birds (Fig. 6-3). After
that, crisis characterized by an accelerated elimination of parasites present in blood (Ahmed and
Mohammed, 1978) occurred, and parasitaemia dropped sharply from approximately 29-30 dpi and
turned to the chronic stage within the next 7-8 days (Fig. 6-3).
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Figure 6-3.: Dynamics of H. columbae parasitemia in three experimentally infected rock pigeons C. livia (GERPH-UN868,
GERPH-UN870, and GERPH-UN871).

Fig. 6-4 shows the development of gametocytes of H. columbae (HAECOL1) in the pigeon GERPH-
UN868. The immature gametocytes (Fig. 6-4 A-D, G-H) predominated in the beginning of the acute
stage. The first fully grown mature gametocytes (as determined by displacement of host cell nuclei
and presence of pigment granules on the ends of parasite; Fig. 6-4 E-F, I) were seen 3-5 days after
the microscopical detection of parasites in the blood. The proportion of macro- to microgametocytes
was 1:3 during the course of infection. Multiple infections of the same red blood cell with several
growing gametocytes were common during high parasitaemia (Fig. 6-4 G-I), but not during the
chronic infection stage.

Intensity of parasitaemia varied among pigeons and dpi, e.g. the peak of parasitaemia for pigeon
No. 68 was 70.8% (33 dpi), but in pigeon No. 70 it was of 36.1% (28 dpi) and for No. 71 was 64.3%
(27 dpi; 6-3). The pigeon No. 71 died 64 dpi with a parasitaemia of 1.4% and haematocrit value
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36% (Table 6-2). The average of haematocrit value for the two negative controls was 51%.

Figure 6-4.: Development of gametocytes of H. columbae (lineage HAECOL1) in experimentally infected the rock pigeon
GERPH-UN868. Immature gametocytes (A-B, G) 20 days post infection (dpi), 21 dpi (C-D), and 22dpi (H).
Mature macrogametocytes (E, F, I) and microgametocytes (H, I) 22 dpi (E), 23 dpi (F) and 24dpi (I). Arrows
show parasite nuclei and arrowheads indicate hemozoin granules. Scale bar = 10µm.

GERPH UN868 GERPH UN870 GERPH UN871
dpi P Ma Mi Im Ht P Ma Mi Im Ht P Ma Mi Im Ht
1 0 0 0 0 48 0 0 0 0 54 0 0 0 0 57
2 0 0 0 0 52 0 0 0 0 53 0 0 0 0 57
3 0 0 0 0 50 0 0 0 0 52 0 0 0 0 55
4 0 0 0 0 50 0 0 0 0 55 0 0 0 0 58
5 0 0 0 0 53 0 0 0 0 51 0 0 0 0 56
6 0 0 0 0 49 0 0 0 0 53 0 0 0 0 57
7 0 0 0 0 50 0 0 0 0 51 0 0 0 0 56
8 0 0 0 0 50 0 0 0 0 47 0 0 0 0 56
9 0 0 0 0 52 0 0 0 0 49 0 0 0 0 55
10 0 0 0 0 54 0 0 0 0 52 0 0 0 0 54
11 0 0 0 0 48 0 0 0 0 52 0 0 0 0 57
12 0 0 0 0 53 0 0 0 0 54 0 0 0 0 56
13 0 0 0 0 49 0 0 0 0 51 0 0 0 0 56
14 0 0 0 0 52 0 0 0 0 50 0 0 0 0 58
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Table 6-2 Parasitemia and Hematrocrit values from individuals studied
GERPH UN868 GERPH UN870 GERPH UN871

15 0 0 0 0 52 0 0 0 0 51 0 0 0 0 54
16 0 0 0 0 48 0 0 0 0 53 0 0 0 0 54
17 0 0 0 0 48 0 0 0 0 53 0 0 0 0 53
18 0 0 0 0 49 0 0 0 0 53 0 0 0 0 55
19 0 0 0 0 51 4.4 0 0 4.4 55 5.5 0.1 0.1 5.3 56
20 4.4 0 0.4 4.0 50 12.5 0 0 12.5 48 4.4 0.2 0.1 4.1 51
21 6.1 0 0.3 5.8 51 11.4 0 0.1 11.4 49 9.4 0.3 0.5 8.6 51
22 7.3 0 2.1 5.2 50 23.5 0.8 0.0 22.7 50 19.2 0.1 0.1 19.1 54
23 7.4 0.30 1.3 5.8 50 20.9 0.0 0.2 20.7 50 22.3 0.2 0.6 21.4 54
24 11.8 0.06 2.4 9.3 49 30.0 0.5 10.4 19.0 51 47.9 0.9 1.4 45.6 55
25 15.8 1.38 3.2 11.2 51 33.2 1.1 19.2 12.9 51 39.9 0.7 1.1 38.0 54
26 21.1 1.42 4.4 15.3 53 34.4 9.4 5.1 19.9 50 64.3 1.2 0.8 62.3 55
27 26.4 2.24 4.3 19.9 50 36.1 21.8 7.8 6.5 52 34.6 0.5 0.6 33.6 53
28 31.5 3.33 0.2 28.0 52 15.4 0.3 10.6 4.5 49 24.0 0.3 0.3 23.4 48
29 33.8 2.14 4.8 26.8 51 14.8 0.4 13.6 0.8 46 17.4 0.4 4.0 13.0 48
30 40.2 2.40 5.9 31.8 51 11.9 0.1 10.1 1.6 44 14.3 0.3 1.7 12.3 48
31 51.2 4.26 9.5 37.4 52 9.3 0.3 8.6 0.3 45 13.6 2.2 1.3 10.1 44
32 56.8 5.49 4.2 47.1 53 13.2 5.1 5.7 2.3 47 12.5 4.9 5.2 2.4 44
33 70.8 6.57 11.7 52.6 50 6.3 0.1 5.3 0.9 48 6.1 0.0 4.3 1.8 42
34 - - - - - 6.1 0.1 5.1 0.9 49 6.3 0.0 4.2 2.1 41
35 4.8 0.5 3.6 0.7 49 4.3 1.0 3.2 0.0 42
36 3.7 0.4 2.1 1.2 44 3.9 1.6 2.0 0.3 41
37 2.4 0.4 1.8 0.3 44 3.0 0.3 2.4 0.3 39
38 3.1 0.2 2.3 0.5 42 3.2 0.1 2.4 0.7 35
39 2.9 0.1 2.1 0.7 40 3.9 0.5 2.8 0.6 36
40 1.8 0.2 1.5 0.2 44 3.5 0.1 2.2 1.3 33
41 3.8 1.4 2.1 0.3 41 5.1 1.6 2.2 1.3 34
42 2.6 0.9 1.0 0.7 42 2.9 0.5 1.2 1.2 33
43 1.3 0.2 0.9 0.2 41 2.3 0.2 0.7 1.4 30
44 1.0 0.1 0.8 0.2 44 2.8 0.1 1.2 1.5 30
45 1.4 0.2 0.9 0.2 44 2.1 0.3 0.6 1.2 29
46 2.0 0.1 0.9 1.0 51 2.4 0.2 1.3 0.9 28
47 1.1 0.1 0.8 0.3 53 1.3 0.1 0.7 0.5 28
48 3.2 0.1 0.8 2.3 54 1.7 0.1 0.9 0.7 28
49 1.1 0.0 0.5 0.6 54 1.5 0.0 0.8 0.6 28
50 2.4 0.1 2.0 0.4 52 1.4 0.2 1.0 0.2 29
51 3.6 0.1 2.9 0.6 54 1.3 0.1 0.5 0.7 28
52 3.5 0.1 2.8 0.6 53 1.1 0.1 0.2 0.8 31
53 2.1 0.2 1.0 0.9 54 1.1 0.1 0.1 0.9 35
54 2.4 0.6 1.4 0.4 51 1.1 0.8 0.1 0.2 38
55 3.6 0.6 2.8 0.1 51 1.5 0.1 0.5 0.9 36
56 2.2 0.7 1.2 0.4 52 2.4 0.3 1.8 0.3 34
57 2.9 1.4 1.2 0.3 52 3.2 1.6 0.6 1.0 38
58 2.7 1.0 1.4 0.3 52 2.6 1.2 0.3 1.1 36
59 2.2 0.2 1.8 0.3 53 3.2 1.4 0.5 1.4 38
60 1.1 0.2 0.8 0.1 54 2.9 0.1 2.1 0.7 38
61 0.7 0.4 0.4 0.0 50 1.0 0.3 0.6 0.1 36
62 0.8 0.5 0.2 0.0 52 1.2 0.5 0.6 0.0 35
63 0.9 0.1 0.8 0.0 54 1.4 0.6 0.7 0.2 36
64 2.8 0.3 2.4 0.1 54 - - - - -

Table 6-2.: Monitoring total parasitaemia and gametocytaemia values (%) of the infected individuals. ppp: days after infec-
tion; *: day on individual was sacrificed; **: day on individual died. P: Parasitaemia; Ma: Macrogametocyte; Mi:
Microgametocyte; Im: Immature; Ht: Hematocrit
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6.4.3. The establishment of colony of Pseudolynchia canariensis
and the sporogonic development of H. columbae

This study shows that the louse flies can be maintained under semi-natural conditions, and that
several generations of these insects were successfully reared. A decline in the number of louse flies
placed on the pigeons was also reported; the main reason of insect mortality was the killing of insects
by grooming pigeons. Therefore, in order to maintain a sufficient number of louse flies in the colony
and to increase the genetic variability of the flies, new wild-caught insects were introduced to the
colony every month. Pupae were mainly found in the cage litter, and we were able to differentiate a
scale of at least four colours grades of the pupae varying from beige to black, and it was associated
with the level of their maturation (data no shown). The development of pupae until the emergence
of imago took between 10 and 15 days under the laboratory conditions, as described above.

Serial dissections of 23 louse flies allowed to find ookinetes from 24 h post exposure (Fig. 6-5 A,
B), while the few oocysts observed appear in midgut 4 dpi, and mature oocysts can be seen 13 dpi
(Fig. 4 6-5 C, D). Sporozoites were reported from 13 to 16 dpi (Fig. 6-5 E-F). Overall prevalence
was 39.1% (9/23 flies infected). Both, low prevalences and intensities of infection were observed
particularly in oocysts (no more than of 6 structures reported per infected insect, Fig. 6-6 A), and
sporozoites (2 to 9 parasites recorded in the preparations) (Table 6-3). All parasitic stages in the
vector were measured and compared with values from previous studies (Table 6-4).

Number of positives
Cohort Number Gametocytemia (%) -2*n infected (n tested) Ookinete Oocyst Sporozoites

1 1.27-1.33 6 (9) 2 3 1
2 1.68 0 (2) 0 0 0
3 1.8-1.87 0 (6) 0 0 0
4 2.2- 1.97 3 (6) 2 0 1

Total 9 (23) 4 3 2

Table 6-3.: Number of louse flies found infected after exposure to an infected pigeon (C. livia). Gametocytemia intervals of
the bird is provided

Measuremets µm
H.columbae/
P. canariensis

H. columbae/
O. avicularia

H. columbae/
P. canariensis

H. palumbis/
O. avicularia

P. relictum/
C. p. pipiens

H tartakovskyi/
C. impunctatuts

Features This study (Baker, 1957) (Adie et al., 1915) (Baker, 1966) (Kazlauskienė et al., 2013) (Valkiūnas et al., 2002)
Ookinete n=29 - - - n = 10 n=32
Lenght 9,06-19,86 (15,73±2,33) 20 - 15-16 9.8–19.1 (15.9 ± 2.6) 17.7-30.1 (22.8 ± 2.6)
Width 1,36-2,45(1,904±0,28) 2,25 - 2-3 1.4–2.8 (1.9 ± 0.5) 2.5-3.5 (3.0 t 0.3)
Oocysts n=30 n=3 - - n = 21 n=31

Diameter 12,33-43,76 (26,64 ±9,19)
36-46

(41,67±5,13)
36,5 32-75 23.7–64.3 (40.0 ± 11.8) 2.4-4.4 (3.4 ± 0.5)

Sporozoites n=8 n=3 - - n = 21 n=32

Lenght 6,74-9,45 (8,69 ± 0,87)
7,5-8,5

(7,8± 0,58)
7-10 6-11 11.9–16.8 (13.9 ± 1.7) 8.6-15.2 (11.5 ± 1.6)

Width 0,95-1,26 (1,06 ± 0,12) 0,5 - 0.8-1.0 0.8–1.3 (1.0 ± 0.1) 0.9-1.8 (1.2 ± 0.2)

Table 6-4.: Comparative measurements of ookinete, oocysts and sporozoites stages, reported in haemosporidian parasites
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