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Abstract We describe Leucocytozoon quynzae sp. nov. (Hae-
mosporida, Leucocytozoidae), which is the first
Leucocytozoon parasite identified to species level in hum-
mingbirds. It was found in the Amethyst-throated Sunangel
(Heliangelus amethysticollis , Trochilidae, Apodiformes) cap-
tured in the Palacio Forest, which belongs to the damping
zone of Chingaza National Natural Park, Cundinamarca, Co-
lombia, at 2,900 m above sea level where the transmission
occurs; the new species were found both in the high Andean
forest and Paramo ecosystem. This parasite is described based
on the morphology of its blood stages, a fragment of the
mitochondrial cytochrome » gene, and the complete mito-
chondrial genome. Illustrations of blood stages of the new
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species are given, and the phylogenetic analysis places this
lineage in a well-supported clade with other lineages of un-
identified to species level leucocytozoids reported in the
Trochilidae birds elsewhere. The new species possess game-
tocytes in roundish host cells; it can be readily distinguished
from other similar leucocytozoids, primarily due to (1) a
comma-like shape of the host cell nucleus, which extended
one half or less of the circumference of the gametocyte and (2)
a large number of prominent volutin granules in the cyto-
plasm. Identical mitochondrial cytochrome b sequence of
Leucocytozoon quynzae was found in different hummingbird
species at the type locality and also was reported in one
passerine bird at the highlands of Peru. Leucocytozoon
quynzae is the first leucocytozoid parasite described from
South American birds; its transmission occurs both at low
temperatures and high elevations. We discuss some patterns
of distribution of avian leucocytozoids in South America and
the role of Gigantodax spp. (Diptera, Simuliidae) as potential
vectors of Leucocytozoon parasites in the Andean Region.

Introduction

Leucocytozoon is a diverse genus of avian blood parasites that
are widely distributed around the world. In the New World,
the highest prevalence and diversity of leucocytozoids have
been found in the Nearctic region (Greiner et al. 1975). The
prevalence and diversity of Leucocytozoon spp. in the Neo-
tropical region usually are considered to be low (White et al.
1978; Valkitinas 2005; Forrester and Greiner 2008). However,
Forrester et al. (2001) reported high prevalence of
Leucocytozoon infection in the Chimango caracara (Milvago
chimango) in the mountain region of southern Chile.
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Additionally, high prevalence of Leucocytozoon was found in
Great Trush (Turdus fuscater) in the Paramo ecosystem in
Colombia (Rodriguez et al. 2009; Lotta et al. 2013). A posi-
tive significant relationship between the prevalence of
leucocytozoids and latitude for the parasite lineages was re-
ported by Merino et al. (2008) in Chile; these authors pro-
posed a latitudinal gradient for explanation of distribution of
leucocytozoids in South America.

The Andes are the most important mountain range in the
region and the longest in the world. This range extends from
north to south across Venezuela, Colombia, Ecuador, Peru,
Bolivia, Chile and Argentina (Morrone 2001). These mountains
include many different ecosystems (estimated to be 133) and
are considered as a hotspot of biodiversity with a high level of
endemism (Myers et al. 2000; Josse et al. 2009). Avian
hemoparasites, however, have not been properly studied in
these ecosystems.

Hummingbirds (Trochilidae) are endemic from the New
World. This group has 331 recognized species, which are
distributed from Alaska to Tierra de Fuego in South America,
including the Caribbean islands. These birds are found in a
wide variety of environments from sea level until 5,000 m
above sea level, including desert scrub forest edges, coastal
chaparral and grassland, and even sites where human activity
has modified or replaced natural habitats (Williamson 2001;
Gutiérrez et al. 2004; McGuire et al. 2008). Out of 162
hummingbird species reported in Colombia, 78 have been
reported in the Andes (McMullan et al. 2011). Despite the
fact that birds are among the best known groups of organisms
in the Andes, there is scarce information on the prevalence,
biodiversity and distribution of their hemoparasites.

The first case of Leucocytozoon sp. infection in humming-
birds was reported in one individual of the Amethyst-throated
hummingbird Lampornis amethystinus in Mexico (Beltran
1944). Merino et al. (2008) and Rodriguez et al. (2009) found
hummingbirds infected with leucocytozoids in Chile and Colom-
bia, respectively; however, the parasites were not identified to
species level in these investigations. Leucocytozoon species
remain unidentified in hummingbirds. In this study, we reported
a new Leucocytozoon sp. parasite in the Amethyst-throated
Sunangel (Heliangelus amethysticollis), which is a non-
migrating bird widely distributed in subtropical and tropical
moist montane Andean forests of Bolivia, Colombia, Peru, Ec-
uador and Venezuela. Other habitats of this bird species are
tropical high altitudes, humid grasslands and shrublands. The
reported altitudinal distribution of this bird is between 1,800 and
3,200 m above sea level; it has been recorded between 2,000 and
3,000 m above sea level in Colombia (McMullan et al. 2011).

The vectors implicated in the transmission of
Leucocytozoon spp. around the world are simuliids, with only
one species Leucocytozoon (Akiba) caulleryi being transmit-
ted by ceratopogonid flies (Culicoides spp.) (Skidmore 1931;
Akiba 1960; Forrester and Greiner 2008; Valkitinas 2005).
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According to current knowledge, fauna of the Neotropical
simuliids contains 12 genera; two of them are present in
Colombia: Simulium and Gigantodax (Adler and Crosskey
2013). Currently, the genus Gigantodax encompasses 65 spe-
cies distributed from southern USA along the Mesoamerican
Mountains, through the Andes to Tierra de Fuego. This genus
is one of the largest latitudinally extended taxa in the world;
breeding places of the majority of its species are located in
small fairly torrential streams (Coscaron and Coscardn-Arias
1995; Adler and Crosskey 2013).

The aims of this study were (1) to provide the morpholog-
ical descriptions and molecular characterization of a new
Leucocytozoon species parasitizing hummingbirds, (2) to dis-
cuss its relationship with other species of the genus
Leucocytozoon , based on the molecular phylogenies and mor-
phological data, and (3) to discuss our findings in terms of the
South American distribution of leucocytozoids and their pos-
sible vectors.

Materials and methods
Sampling area

Birds were mist netted in three sites at the highland in the
Chingaza National Natural Park (NNP) from April 2002 to
May 2003, from December 2008 to October 2009 and from
February 2012 to April, 2013. Taxonomic classification of
birds is given according to the South American Classification
Committee (SACC) (Remsen et al. 2012).

The Chingaza NNP is located in Colombian Oriental moun-
tain range of Cundinamarca and Meta Departments, comprising
the complex and rich hydrological landscape of the basins of
Negro, Guatiquia and Guavio rivers in the Orinoquia region
and Siecha and Tominé rivers from the basin of the Hoya del
Magdalena. Despite the fact that the Chingaza NNP has eleva-
tions between 1,200 and 4,020 m asl, the great majority of its
territory is covered by the Paramo ecosystem (Vargas-Rios and
Pedraza 2004), which is characterized by the following fea-
tures: (1) an annual median temperature between 0 and 14 °C,
(2) an annual median precipitation of 1,900 mm, with the
greatest rainfall during June and July, (3) high cloudiness and
fog that determine short day insolation (3—5 h) and (4) high
atmospheric humidity (80-85 %) (INDERENA 1986).

Samples were collected at three sites: Monteredondo station
(4°37'N, 73°43'W, 3,100 m above sea level) and Encenillo
Forest (4°36'N to 73°43'W, 3,155 m above sea level). Both
sites are covered by Paramo plant communities which are
dominated by a homogenous matrix of open vegetation of
Espeletia spp. along with a patch of Calamagrostis spp. The
open vegetation is interrupted by dense forest fragments of
Weinmannia spp., which are frequently seen in orographically
protected sites, with several lotic freshwaters running through
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them (Vargas-Rios and Pedraza 2004). These two sites have an
annual rainfall between 2,345 and 2,918 mm, with the dry
season extending from November to March and their rainy
seasons occurring from April to October. The third sampling
site was Palacio Forest, which is located in the damping zone of
Chingaza NNP (4°41'N, 73°50'W, 2,900 m above sea level).
This site is an Andean forest (approximately 20 m high),
located immediately at the inferior altitudinal limit of the
Paramo. The higher stratification is dominated by tree species
that give support to many epiphytes species and provide shad-
ow to an understory covered by diverse shrubs and herbs
species (Rangel-Ch 2000; Vargas-Rios and Pedraza 2004).
Palacio Forest has an annual rainfall between 1,171 and 2,
324 mm, with large periods of fog and cloudiness as well as a
high ambient humidity that boost the water influx to the forest
(Bruijnzeel 2002).

Sample and blood film examination

In all, 576 birds belonging to 68 species, 19 families and 8
orders were sampled. Three thin blood smears were prepared
from each bird using blood obtained by toenail clipping or
brachial vein puncture. The smears were air dried, fixed
in 100 % methanol for 5 min and stained with Giemsa
(pH 7.2) for 45 min.

About 50 ul of whole blood was stored in SET buffer
(0.05 M Tris, 0.15 M NaCl, 0.5 M EDTA, pH 8.0) for molec-
ular analysis. Blood samples were kept at room temperature in
the field and then maintained at —20 °C in the laboratory.

Blood smears were scanned double-blind using the Leica
DM750 microscope, first at low magnification (x100) for
10 min and then at high magnification (x1,000) for 20 min.
Digital images were made by the Leica EC3 camera and
processed with LAS EZ software (Leica Microsystems,
Wetzlar, Germany). Measurements were made digitally from
images using ImageJ (Schneider et al. 2012). Morphometric
features were those described by Valkitinas (2005).

Entire positive blood smears with the new species were
examined microscopically; approximately 130 images of ga-
metocytes of the new species were prepared and analysed.
Intensity of infection was estimated by counting 100 micro-
scopic fields at a magnification ofx 1,000 by moving the slide
in areas where the blood cells formed a monolayer; each such
field contains approximately 100 cells. The intensity of infec-
tion was determined by actual counting of the number of
parasites per 10,000 erythrocytes (Mufioz et al. 1999).

DNA extraction, cytochrome b gene amplification
and sequencing

DNA was extracted, only from positive blood samples diag-
nosed by microscopy. A standard phenol-chloroform protocol
(Sambrook et al. 1989) was used for this purpose. Samples

were tested for Leucocytozoon spp. using a nested PCR to
amplify the 5’ region of the parasite's cytochrome b gene
(478 bp expected product) according to Hellgren et al.
(2004). Positive amplifications were detected by running
2 pl of the PCR product on a 1.5 % agarose gel. Amplified
products were cleaned using differential precipitation with
ammonium acetate protocol (Bensch et al. 2000) and se-
quenced on the 3730xI DNA Analyzer (Applied Biosystems,
Foster City, CA, USA) through Macrogen (Macrogen Inc.).
Sequencing was done in both directions using forward and
reverse primers.

Amplification and sequencing of complete mitochondrial
genome (mtDNA)

In addition to the partial cytochrome b gene, we amplified,
cloned and sequenced the complete mitochondrial genome
from one individual of Amethyst-throated Sunangel with sin-
gle infection of the new parasite species. We amplified 5,
868 bp of the parasite mtDNA using primers forward 5’ GA
GGA TTC TCT CCA CAC TTC AAT TCG TAC TTC/
reverse 5" CAG GAA AAT WAT AGA CCG AAC CTT
GGA CTC with TaKaRa LA TagTM Polymerase (TaKaRa
Mirus Bio Inc, Shiga, Japan) as described elsewhere (Pacheco
etal. 2011; Mantilla et al. 2013b). Briefly, PCR amplifications
were carried out in a 50-ul volume using 20 ng of total
genomic DNA. The PCR conditions were as follows: a partial
denaturation at 94 °C for 1 min and 30 cycles of 30 s at 94 °C
and 7 min at 68 °C, followed by a final extension of 10 min at
72 °C. Following manufactory directions, two independent
PCR products (bands of approximately 6 kb) were excised
from the gel, purified using QIAquick® Gel extraction kit
(Qiagen, GmbH, Hilden, Germany) and cloned in the
pGEM®-T Easy Vector systems (Promega, Madison, WI,
USA). Both strands for three clones were sequenced using
an Applied Biosystems 3730 capillary sequencer. The
mtDNA sequence was deposited in GenBank under the ac-
cession number KF479480.

Phylogenetic analysis

Independent alignments for partial sequences of cytochrome b
gene (478 bp) and almost complete mtDNA genomes (5,
485 bp excluding gaps) were made in order to establish the
phylogenetic relationship between the new species and other
haemosporidian parasites. First, cytochrome b sequences
were edited and aligned using MEGAS software (Tamura
et al. 2011). Final alignment was done using 55 cytochrome
b sequences with 476 nucleotides as follows: 26 sequences
were obtained from MalAvi database (Bensch et al. 2009), 21
were from GenBank and 8 were obtained by our group.
Phylogenetic reconstruction was made using Bayesian in-
ference with MrBayes version 3.1.2 (Ronquist and
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Huelsenbeck 2003) under the general time-reversible model
(GTR+I+T"). The model was obtained using jModelTest 2.1.1
(Darriba et al. 2012) as the best of 88 models according to the
corrected Akaike information criterion.

Two independent runs of 2 x 10° generations were conduct-
ed with four chains, sampling every 100 generations. In all,
25 % of the trees were discarded as burn-in period; in total, 15,
000 trees were used to construct the majority rule consensus.
The phylogeny was visualized and edited using FigTree
v1.3.1 (Rambaut 2006). To determine the sequence diver-
gence between the lineages, genetic distances were calculated
using a Kimura two-parameter model of substitution, using
MEGA v5.05 software (Tamura et al. 2011).

Next, using ClustalX v2.0.12 and Muscle as imple-
mented in SeaView v4.3.5, the new parasite mtDNA
sequence was aligned with 14 mitochondrial genomes
available in GenBank for other haemosporidians isolated
from lizards and birds. This alignment included the only
three complete mtDNA genomes currently available for
Leucocytozoon species. The phylogenetic relationships
were estimated by using Bayesian methods as imple-
mented in MrBayes v3.1.2, as described above
(Ronquist and Huelsenbeck 2003). The alignment was
divided into four categories where each gene (cyto-
chrome oxidase III, cytochrome oxidase I and cyto-
chrome b) was used as a separate partition plus the
non-coding regions (Ronquist and Huelsenbeck 2003).
We also used a general time-reversible+gamma model
(GTR+TI'), which had the lower number of parameters
that best fit the data as estimated by MEGA v5.0
(Tamura et al. 2011). Bayesian support for the nodes
was inferred in MrBayes using 4x10° Markov chain
Monte Carlo (MCMC) steps, and after convergence
was reached, we discarded the 50 % of the sample as
burn-in. In both cases, convergence is reached when the
average standard deviation of the posterior probability is
below 0.01 and the value of the potential scale reduc-
tion factor (PSRF) is between 1.00 and 1.02 (Ronquist
and Huelsenbeck 2003). In order to compare the diver-
gence among a specific pair of Leucocytozoon species,
we estimated their genetic divergences on each mtDNA
gene and the complete mtDNA genomes using the
Kimura two-parameter model as implemented in MEGA
v5.0.

Results

Out of 576 sampled bird individuals, 95 were hummingbirds,
belonging to 11 species. Leucocytozoon quynzae sp. nov. was
found by microscopic examination in the following four indi-
viduals belonging to the Trochilidae (Apodiformes): (1)
Amethyst-throated Sunangel, Heliangelus amethysticollis,
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(2) Bronzy Inca, Coeligena helianthea, (3) Mountain
Avocetbill, Opisthoprora euryptera and (4) Tyrian Metaltail,
Metallura tyrianthina (Table 1). This parasite was found in
adult males and females; no evidence of sickness was ob-
served. Additionally, other 481 individual non-trochilid birds
were uninfected with the new Leucocyfozoon species, as
determined by microscopic examination (Table 1).

Description

Leucocytozoon quynzae sp. nov. (Fig. 1, Table 2)

Macrogametocytes (Fig. 1a—g): Roundish in form; they
develop in roundish host cells. The cytoplasm frequently
contains vacuoles of different sizes (Fig. le). Prominent
roundish volutin granules are present (Fig. 1a, b and f), often
in large numbers, a distinctive character of this species. The
parasite nucleus is variable both in form and position; the
nucleolus is prominent and well seen (Fig. 1b). The nucleus
of the host cell extended less or up to one half of the circum-
ference of the gametocyte (Table 2; Fig. 1a—g). The host cell
nucleus is displaced, deformed and lies peripherally as a band
with a prominent asymmetrical enlargement on one tip; that
gives a comma-like shape to the host cell nucleus (Fig. la—g),
a characteristic readily distinguishable morphological feature
of'this parasite. The cytoplasm of host cells is invisible in fully
grown gametocytes but of variable-shape remnants; howev-
er, the cytoplasm sometimes is visible around growing
gametocytes (Fig. 1a).

Microgametocytes (Fig. 1h, 1): The general configuration
and other features are as for macrogametocytes with the usual
haemosporidian sexual dimorphic characters. The propor-
tion of microgametocytes and macrogametocytes in the
type material is 1:4.

Remarks

Leucocytozoon quynzae develops in roundish host cells. This
parasite can be readily distinguished from all described
Leucocytozoon species, primarily due to a well-
distinguishable comma-like shape of nuclei of its host cells
(Fig. la—g), a unique feature in avian Leucocytozoon para-
sites. The presence of numerous prominent volutin granules
(Fig. 1a) also helps to distinguish this parasite from many
other leucocytozoids developing in a roundish host cell.

Taxonomic summary

Type host: Amethyst-throated Sunangel Heliangelus
amethysticollis (Trochilidae, Apodiformes).

Type locality: Palacio Forest (4°41'N, 73°50'W), 2,900 m
above sea level, Colombia.

Type specimens : Hapantotype was deposited in the biolog-
ical collection of Grupo de Estudio Relacion Parasito
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Table 1 Occurrence of Leucocytozoon quynzae sp. nov. and the list of negative birds for the same Leucocytozoon species, which were sampled in
Chingaza National Natural Park and Palacio highland forest, Colombia

No. examined No. infected Intensity of infection (%)

Species
Coeligena helianthea 13 1 0.03
Heliangelus amethysticollis 5 1 0.31
Metallura tyrianthina 18 1 0.02
Opisthoprora euryptera 2 1 0.04

Hummingbirds (negatives)® 57

Other negative birds® 481

Total 576

Total infected (%) 0.7

#Negative hummingbirds (number of examined individuals is given in parentheses): Chalcostigma heteropogon (7), Eriocnemis cupreoventris (12),
Eriocnemis vestitus (33), Lafresnaya lafresnayi (1), Oxypogon guerinii (1), Pterophanes cyanopterus (2) and Coeligena bonapartei (1)

® Other negative birds (number of examined individuals is given in parentheses): Accipitridae: Accipiter striatus (1), Caprimulgidae: Caprimulgus
longirostris (1), Corvidae: Cyanolyca viricyana (1), Cotingidae: Ampelion rubrocristatus (1), Emberizidae: Arremon brunneinucha (2), Atlapetes
palidinucha (15), Atlapetes schistaceus (6), Atlapetes torquatus (7), Zonotrichia capensis (31), Fringillidae: Astragalinus psaltria (2), Furnariidae:
Margarornis squamiger (16), Pseudocolaptes boissonneautii (1), Xiphocolaptes promeropirhynchus (1), Hirundinidae: Orochelidon murina (33),
Icteridae: Amblycercus holosericeus (2), Cacicus chrysonotus (1), Parulidae: Basileuterus luteoviridis (1), Basileuterus nigrocristatus (21), Myioborus
ornatus (9), Picidae: Colaptes rivolii (4), Psittacidae: Pyrrhura calliptera (2), Rhinocryptidae: Scytalopus latebricola (1), Thraupidae: Anisognathus
igniventris (20), Buhtraupis montana (10), Catamblyrhynchus diadema (2), Catamenia inornata (1), Conirostrum rufum (17), Conirostrum sitticolor
(8), Diglossa albilatera (9), Diglossa caerulescens (5), Diglossa cyanea (25), Diglossa humeralis (7), Diglossa lafresnayii (18), Dubusia taeniata (6),
Hemispingus atropileus (8), Hemispingus superciliaris (3), Hemispingus verticalis (12), Iridosornis rufivertex (1), Tinamidae: Nothocercus julius (1),
Troglodytidae: Cinnycerthia unirufa (33), Henicorhina leucophrys (7), Troglodytes aedon (1), Trogonidae: Trogon personatus (2), Turdidae: Turdus
fuscater (31), Turdus serranus (2), Tyrannidae: Anairetes agilis (6), Elaenia flavogaster (1), Mecocerculus leucophrys (47), Mecocerculus stictopterus
(6), Myiotheretes fumigatus (1), Ochthoeca cinnamomeiventris (2), Ochthoeca diadema (5), Ochthoeca fumicolor (18), Ochthoeca rufipectoralis (2),

Phyllomyias nigrocapillus (4), Pyrrhomyias cinnamomeus (1)

Hospedero (GERPH) at the Department of Biology,
Universidad Nacional de Colombia, Bogota, Colombia (ac-
cession nos. GERPH-06253 to GERPH-06255, intensity of
parasitemia is 0.31 %, collected by Rafael Gutierrez in Palacio
Forest, 19 February 2012, lineage L HELIAMO1, GenBank
KF309188). Digital images of blood stages of the new
parasite from the hapantotype are available on request from
GERPH.

Additional material: Blood films from Opisthoprora
euryptera (three preparations, Mountain Avocetbill, accession
nos.GERPH-02261 to GERPH-02263), Metallura
tyrianthina (three preparations, Tyrian Metaltail,
GERPH-06925 to GERPH-06927) and Coeligena
helianthea (one preparation, Blue-throated Starfrontlet,
GERPH-07046) were deposited in the collection of
GERPH. Digital images of blood stages from these
avian hosts are available on request from GERPH.

DNA sequences : Three mitochondrial cytochrome b line-
ages from different hummingbirds species were obtained as
follows: (1) two sequences were identical and correspond to
the lineage L HELIAMOI (GenBank KF309188 from the
hapantotype sample and Genbank KF471028 from Metallura
tyrianthina, both sequences of 476 bp) and (2) the lincage
L COHELO1 (GenBank KF309189 from Coeligena
helianthea). The Leucocytozoon quynzae complete mtDNA

genome sequence for Amethyst-throated Sunangel was de-
posited in GenBank (KF479480).

Site of infection: Blood cells, in which origin is unclear,
because gametocytes markedly change morphology of the
host cells.

Prevalence: In the type locality, 4 out of 576 birds were
infected as determined by microscopic examination (the over-
all prevalence was 0.69 % in hummingbirds). The prevalence
was one of five (20 %) in the type host.

Distribution and additional hosts: Metallura tyrianthina
(Tyrian Metaltail) is an additional host at the type locality;
it has an identical cytochrome b sequence (GenBank
KF471028) as the type host. Additionally, (1) Coeligena
helianthea captured in Monterredondo station (GenBank
KF309189, Blue-throated Starfrontlet) possesses a line-
age with a genetic distance of 0.2 %, and (2)
Opisthoprora euryptera (Mountain Avocetbill, captured
in Encenillo Forest) was infected with a morphological-
ly similar parasite, but we have no sequence information
from this host. In Chile, a hummingbird Sephanoides
sephanoides (Green-backed Firecrown) harboured a par-
asite with the cytochrome b lineage SEPSEP (Genbank
EF153659), with a genetic distance of 0.2 % with
Leucocytozoon quynzae (Merino et al. 2008); it is likely
the same parasite. An identical cytochrome b sequence,
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as we reported in the type host, was deposited in
GenBank (JQ988510); it was reported in a passerine
bird, Mecocerculus stictopterus (White-banded
Tyrannulet, Tyrannidae) captured at 3,312 m above sea
level in the Peruvian Andes, but there is no morpho-
logical evidence that this parasite develops to gameto-
cyte stage in this avian host.

Etymology: The species name refers to the word “quynza”,
which was used by Muiscas people, a pre-Colombian indige-
nous group, to name hummingbirds.

Phylogenetic relationships of parasites

Leucocytozoon quynzae was found in four individuals
belonging to four different species of hummingbirds;
however, the partial cytochrome b lineages were obtain-
ed only from three samples. Sequences obtained from
two birds were identical (the lineage L HELIAM 01
GenBank KF309188 and GenBank KF471028), whilst
the linecage L COHELO1 (GenBank KF309189) had
polymorphism in one nucleotide, when compared with
L HELIAM 01 (Fig. 2).

The genetic distance analysis showed that Leucocytozoon
sp. (lineage SEPSEPO1) found in a hummingbird Sephanoides
sephanoides in Chile was the closest to Leucocytozoon

Fig. 1 Leucocytozoon quynzae
sp. nov. from the blood of its type
vertebrate host, the Amethyst-
throated Sunangel (Heliangelus
amethysticollis). a—g
Macrogametocytes. h, i
Microgametocytes. Simple long
arrows, nuclei of parasites;
triangle long arrows, host cell
nuclei; short simple arrows,
volutin granules; simple
arrowheads, vacuoles; triangle
simple arrowheads , remnants of
the host cell cytoplasm; friangle
wide arrowhead , nucleolus.
Giemsa-stained thin blood films.
Scale bar=10 pum
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quynzae, with a genetic distance of 0.2 %; both lineages are
grouped in a well-supported clade (Table 3; Fig. 2, clade A).

The phylogeny estimated with complete mitochondrial
genomes is shown in Fig. 3. As was expected, four
Leucocytozoon species cluster together sharing a common
ancestor; Leucocytozoon quynzae appears as sister taxa of
Leucocytozoon majoris in this limited dataset. The average
genetic divergences using complete mtDNA and the three
mitochondrial genes among Leucocytozoon quynzae,
Leucocytozoon majoris and Leucocytozoon fringilinarum
are given in Table 4.

Discussion

The Andean ecosystems are characterized by their bio-
logical richness and high levels of endemism (Olson
and Dinerstein 1998; Kapelle and Brown 2001). Numer-
ous studies have focused on certain taxonomic groups
such as plants (Luna-Vega et al. 1989; Sarkinen et al.
2012) and avifauna (Terborgh 1971; Herzog and Kattan
2011), including detailed studies on diversity pattern
and taxonomic aspects of hummingbirds (Garcia-Moreno
et al. 1999; McGuire et al. 2008). However, in spite of
the fact that nearly 25 % of the described hummingbird
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Table 2 Morphometry of game-

Macrogametocyte (7 =26)

Microgametocyte (n=11)

tocytes and host cells of Feature

Leucocytozoon quynzae sp. nov.

(lineage L HELIAMO1) from the ~ Gametocyte

blood of Heliangelus Length

amethysticollis Width
Area
Perimeter

* All measurements are given in

Gametocyte nucleus
Length
Width
Area
Perimeter
Host cell-parasite complex
Length
Width
Area
Perimeter
Host cell nucleus

Circumference of parasite covered

; - Length
micrometres. Minimum and .
maximum values are provided, Width
followed in parentheses by the Area
arithmetic mean and standard Perimeter

8.0-11.1 (9.4+0.9)°
6.1-10.0 (7.84+0.8)
46.5-72.1 (58.7+5.1)
24.2-30.1 (27.9+1.4)

2.1-4.5 (3.2+0.6)
1.4-2.9 (2.1+0.4)
3.7-9.0 (5.8+1.4)
7.4-12.5 (9.5+1.3)

9.0-16.4 (13.0+1.7)
7.8-11.1 (9.3+0.8)
74.8-117.2 (91.4+9.3)
32.1-40.6 (36.6+2.2)

7.0-17.2 (12.3%2.0)
10.0-19.7 (13.9+2.2)
2.2-43(2.9+0.5)

15.6-34.7 (23.0+3.8)
23.0-42.4 (31.4+4.0)

7.5-10.5 (8.9+0.8)
6.2-9.1 (7.4+0.9)
40.9-67.9 (52.2+8.6)
22.7-31.0 (27.0+2.5)

4.0-9.0 (6.5+1.5)
3.1-6.4 (42+0.9)

12.6-44.3 (26.2+8.9)
13.5-26.1 (19.8+3.8)

9.6-14.0 (11.6+1.2)
74-11.1 (9.1=1.1)
60.1-99.1 (80.2+11.7)
29.3-37.6 (33.5+2.5)

9.9-20.2 (12.9+2.4)
11.1-22.2 (14.6+2.5)
1.8-3.7 (2.6+0.5)

15.7-30.2 (21.9+3.3)
25.4-46.4 (32.1+4.9)

deviation

species of South America are restricted to this region
(Herzog and Kattan 2011), little is known about para-
sites of the trochilids.

Leucocytozoon quynzae is the first described
Leucocytozoon species from the Trochilidae birds
(Apodiformes) and the first new leucocytozoid parasite,
which is described in South American birds. It has
distinct morphological features of blood stages and is
easy to identify even at light parasitemia. There are few
reports of blood parasites in hummingbird (Greiner
et al. 1975; White et al. 1979). Interestingly, the prev-
alence of blood parasites found in hummingbirds during
this study is remarkably lower than that reported in
other avian species at the same locality (Rodriguez
et al. 2009). It remains unclear if the low prevalence
of leucytozoids in hummingbirds reflects a true parasi-
tological situation or is a result of possible underesti-
mation of microscopic examination, since light chronic
parasitemias are sometimes difficult to detect using this
method (Jarvi et al. 2003; Valkiiinas et al. 2006). It is
known that birds belonging to some families and orders
consistently are reported with low prevalence of haemo-
sporidian parasites (Piersma 1997; Bensch et al. 2012).
It can be the case with Trochilidae species. Whereas
Leucocytozoon spp. prevalence in such groups of birds
could increase if the samples were analysed by PCR,
positive PCR parasite amplifications could be the result

of detection of abortive haemosporidian infections, when
gametocytes are absent from circulation, so the only
detection of parasite lineages in birds does not neces-
sarily mean competent infection (Valkitinas et al. 2009;
Levin et al. 2013).

We can only speculate about the factors that could
contribute to the low prevalence of parasites in this group
of birds. Despite astounding powers of flight of humming-
birds, they spend almost 80 % of their time perched
(Williamson 2001); thus, this behaviour allows the contact
with potential vectors. The birds’ small body size (in
average 8.2—10.4 cm) might be a factor preventing the
infection because small organisms can be less attractive to
vectors (Anderson and DeFolliart 1961; Valkitinas 2005).
This factor is worth exploring, but we have no sufficient
data to test that in the context of this study. Abundance of
hosts is another dimension, which can force driving par-
asite prevalence. Since transmission depends on the rate
of host—vector encounters, the abundance and diversity of
potential hosts at the study area may produce a dilution
effect, which might limit the rate of hummingbird—vector
encounters (Keesing et al. 2006; Malmqvist et al. 2004).
Finally, if the parasite affects the bird fitness, it is prob-
able that the infection can lead to lethal consequences
(Gonzalez-Acuiia et al. 2011). We have no evidence about
the pathogenicity of Leucocytozoon quynzae because all
sampled infected birds looked healthy and there are no
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Fi168564. L. fringillinarum - Pipilo chlorurus. USA.
10988336. Leucacytozoon sp. - Coeligena violifer. Perd.
EF153657. Leucocytozoon sp. - Zonotrichia capensis. Chile.

L APSPI0S. Leucocytozoon sp. - Phrygilus patagonicus. Chile.

10988288. Leucocytozoon sp. - Coeligena violifer. Peru.

EF153661. Leumfé/mzoan sp. - Phrygilus alaudinus. Chile.

KF699311. L_TFUS_07. Leucocytozoon sp. - Turdus fuscater. Colombia
KF699313. L_TFUS_11. L. majoris - Turdus fuscater. Colombia.
KF699310. L_TFUS_06. Leucocytozoon sp. - Turdus guscater. Colombia.

H[H HI

10988740. Leucocytozoon sp.- Co/z[:ftes rupicola. Perd.
TUMEROL. Leucocytozoon sp. - Turdus merula. Azores.
-+++EF153664.1. Leucocytozoon sp. - Turdus falcklandii. Chile.

AY099063 .L. dubreuli - Catharus guttatus.USA.
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GALLUSO6. L. schoutedeni - Gallus gallus . Africa.

GALLUSO7.L. schoutedeni - Gallus gallus . Africa.
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SEPSEPOL. Leucocytozoon sp. - Sephanoides sephanoides. Chile.
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IX021570. Leucocytozoon sp. - Xanthotis macleayana. Australia.

1X021571. Leucocytozoon sp. - Xanthotis macleayana. Australia.
=== JX021575. Leucocytozoon sp. - Ptiloris victorige. Australia. ]]I

-+~ KF699312.L_METHY_02. Leucocytozoon sp. - Metallura tyrianthina/Arremon torquatus. Colombia

10988735, Leucocytozoon sp. - Schistes geoffroyi. Perd.

HIHI0Z.Leucacytozoon sp. - Hippolais icterina .Europe.

HIHI01. Leucocytozoon sp. - Notiomystis cincta. New Zealand.

-=++EU328181.Leucocytozoon sp. - Geothlypis trichas. USA.

JQ764623. Leucacytozoon sp. - Seiurus noveboracensis. Venezuela.

10988723, Leucocytozoon sp. - Turdus nigriceps . Pert.

TUOBSO1. Leucocytozoon sp. - Turdus obscurus .Europe.

= AFTRUL. Leucocytozoon sp. - Turdus pelios . Africa.

L TFUS 04. L. fringillinarum - Turdus fuscater. Colombia.

-ACCOPOL.Leucocytozoon sp. - Accipiter cooperii.USA.

ACNIO4. L. mathisi - Accipiter nisus. Kazakhstan.
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BUTREGO1. Leucacytozoon sp. - Buteo re%/is.USA.

ACNIOL. L. mathisi - Accipiter nisus. Kazakhstan.

ACCFRAO1.Leucocytozoon sp. - Accipiter francesii. Madaﬁascar,
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tzi - Turdus fuscater. Colombia.

PGRWO06. P. {Huffiu} elongatum - Acrocephalus arundinaceus. Europe.
PGRWO4. P (H ) relictum - Acrocephalus agricola.Russia.

) majoris - Parus major. Kaliningrad.

- — e — ACCBREO3.Leucocytozoon 5}). - Accipiter brevipes. Kazak
0971 0.85 TFUS05. P [+ ba lu
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[ Leucacytozoon found in Passeriformes

[[TT] Leucocytozoon shared between Passeriformes and Apodiformes [EE Leucocytozoon found in Strigiformes

Fig. 2 Bayesian phylogeny based on 476 bp of cytochrome b sequences
of Leucocytozoon spp. from six different bird orders. Host proveniences
of lineages are identified by color in the vertical bar as is indicated in the
convention square. Leucocytozoon quynzae sp. nov. lineage is marked
with a hummingbird pictogram. Two Haemoproteus lineages and three
Plasmodium lineages were used as outgroup. GenBank accession

reports indicating the decline of bird populations at our
study areas. However, we captured birds with light
parasitemia, which usually is relatively benign to birds
in comparison to heavy primary infection, which was not
assessed during this study. Further studies are needed to
understand the relatively low prevalence of haemosporid-
ian parasites in hummingbirds.

The results of this study, using the fragment of the cyto-
chrome b gene, show that Leucocytozoon quynzae lineages are
grouped into a well-supported clade with other lineages found
in hummingbirds (Fig. 2, clade A). The lineages L COHELO1
(GenBank KF309189) and L HELIAMO1 (GenBank
KF309188) have the same morphological features; so the mor-
phological characters of gametocytes are well correlated with
the cytochrome b sequences. The lineage GALLUS06 was
genetically most similar to the lineages of clade A, in which
the lineage L HELIAMO1 appears, with 4.9 % genetic differ-
ences between these two lineages (Table 3; Fig. 2, clade B).

Interestingly, a sequence of Leucocytozoon quynzae, which
was reported in the type host, was also found in one
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m Leucocytozoon found in Piciformes

SISKINT. H. (P(r;/ahoemoproteus} tartakovskyi - Carduelis spinus. Kaliningrad.

E Leucocytozoon found in Galliformes E Leucocytozoon found in Falconiformes

I Outgroup

numbers or alternative lineage names of sequences from MalAvi are
provided followed by parasite species, hosts and sites where they were
found. Values of posterior probabilities below 0.8 are not shown. The
branch lengths are drawn proportionally to the amount of change; the
scale bars show substitutions per site

[ Leucocytozoon found in Apodiformes

Mecocerculus stictopterus in the Peruvian Andes (GenBank
JQ988510); however, there is no morphological evidence of
the infection in this flycatcher. Similar results, when lineages
are shared between hummingbirds and passerine birds, with-
out morphological evidence, are also shown in Fig. 2, clade C.
Based only in a fragment of cytochrome b sequences, it
seems to contradict data about specificity of
leucocytozoids on the level of orders, as was proposed
by Valkitinas (2005) and Forrester and Greiner (2008).
However, two facts should be considered: First, parasite
detection-based PCR does not distinguish abortive hae-
mosporidian development; thus, reports of lineages need
to be supported by microscopic observation of gameto-
cytes if conclusions about specificity are aimed to be
achieved (Valkitinas et al. 2009; Levin et al. 2013).
Second, this fragment of the cytochrome b may not have enough
informative sites. Indeed, since its introduction in malaria par-
asite studies (Escalante et al. 1998), cytochrome b has
shown several attributes that have made it useful in
ecological and evolutionary genetic investigations, but
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Table 3 Genetic distance (in percentage) among cytochrome b sequences of some Leucocytozoon lineages used in this study

GenBank/MalAvi 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
1 SEPSEPO1

2 GALLUS06 54

3 EF153657 93 1.7

4 TFUS04 71 68 104

5 ACCBREO03 209 205 21.5 218

6 AEFUNO02 76 17 88 9.1 226

7 F1168564 93 75 12 99 207 99

8 FJ168563 76 73 91 82 196 84 9.1

9 KF309188" 05 47 91 64 198 75 94 170

10 KF309189* 02 49 91 66 201 73 91 68 02

11 JX021571 59 61 85 57 188 89 89 66 52 54

12 JQ988740 91 68 49 91 204 87 59 84 80 82 94

13 JQ988723 73 70 99 08 212 91 94 77 66 68 57 94

14 JQ988126 76 70 85 96 198 89 99 57 73 75 70 91 96

15 JQ988290 71 70 85 84 215 82 99 45 64 66 68 89 80 5.0

16 KF699311 83 61 49 84 201 87 57 87 73 715 91 11 87 87 84

17 SISKIN1 18.6 185 172 19.0 16.6 198 17.7 180 188 19.0 164 20.1 185 188 20.1 204

18 KF699312 61 68 77 68 204 96 87 73 59 61 37 96 66 91 75 89 164

19 TUOBSO1 73 75 107 23 209 101 99 96 68 70 66 101 28 11.1 94 94 188 73

20 TFUSO05 16.0 163 175 185 17.7 182 18.0 169 164 16.1 164 164 182 174 17.7 164 11.8 17.7 19.0

21 KF699313 86 63 44 87 204 87 54 84 75 77 89 04 89 87 84 06 201 91 9.6 lo4

The genetic distance was calculated using the Kimura two-parameter model of substitutions. GenBank accessions numbers or alternative lineage names

from MalAvi database are given

? Lineages of the new species

it is still not enough for elucidating complex biogeo-
graphic or speciation processes. Nevertheless, this and
other mitochondrial genes have been successfully used
in many evolutionary biology studies (Valkitinas et al.
2008; Bensch et al. 2009). It is important to keep in mind
that all phylogenies are hypotheses; additional molecular and
life history information is needed to better understand the host
parasite evolutionary relationships (Martinsen et al. 2008;
Palinauskas et al. 2013). Our complete mitochondrial DNA
phylogeny shows stronger signals, but the paucity of suitable
data from other species does not allow more comprehensive
analysis (Fig. 3).

Taking into account results of this study and other molec-
ular data deposited in GenBank about reports of
Leucocytozoon spp. from avian hosts in South America, it is
seems probable that the positive relationship between latitude
and Leucocytozoon spp. prevalence in South America might
be oversimplified (Merino et al. 2008). Indeed, additional
studies are needed which include more prevalence data across
a larger latitudinal transect and also consider altitude in South
America before reaching a stronger conclusion. Altitude is an
important factor to consider in this region given its landscape
and the evidence of presence of an altitudinal gradient in

transmission of haemosporidian parasites (LaPointe et al.
2010). Unfortunately, there are still few reports of avian
hemoparasite transmission at highlands.

A key ecological result of this study is that Leucocytozoon
quynzae was found in non-migrating birds; thus, its transmis-
sion certainly occurs at low temperatures (0—14 °C) and as high
as 3,155 m above sea level. This is the highest altitude reported
for haemosporidian parasite transmission (LaPointe et al. 2010;
Mantilla et al. 2013a, b; van Rooyen et al. 2013). Interestingly,
the active transmission of Leucocytozoon cheissini was report-
ed at 3,000 m above sea level in Central Tadzhikistan
(Valkitinas 2005). It is probable that transmission at high
altitudes is a characteristic feature of avian leucocytozoids
throughout the world; that warrants further investigation.

Because all reports of Leucocytozoon spp. in resident birds
in South America are restricted to the Andean Region
(Forrester et al. 2001; Merino et al. 2008; Rodriguez et al.
2009; this study), the prevalence of these parasites should be
driven by vector distribution. Crosskey (1990) and Gryaznov
(1984) reported an association between the shapes of claw and
the blood feeding behaviour of black flies. Mainly, the species
with bifid claw reflect an ornithophilic habitat, and those with
subbasal tooth reflect a mammalophilic one. In the Colombian
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Fig. 3 Phylogenetic tree of 1.0
Leucocytozoon spp. based on
complete mitochondrial genomes

Leucocytozoon sabrazesi (AB299369)

1.0 L. fringillinarum (F)168564)

(5,485 bp excluding gaps). The
values above branches are
posterior probabilities

1.0

e |, majoris (F1168563)

L. quynzae (KF479480) Y
1.0 [ Haemoproteus sp. (AY733086)

1.0

Haemoproteus sp. (AY733087)

1.0

highlands, our group has determined 23 Simuliidae species, 8
of them belonging to the genus Gigantodax and the others to
the genus Simulium. All Gigantodax spp. determined have
bifid claw, and only one Simulium species had the same
feature (data not shown). This fact suggests that species of
Gigantodax can be implicated in the Leucocytozoon spp.
transmission at our study sites. However, the vectorial com-
petence of Simulium species cannot be discarded.

The recent efforts to explore highland ecosystems, with
different bird species and vector communities, have provided
new information about the presence of Leucocytozoon spp. in
Neotropical resident birds, as well as of their possible vectors.
Birds from lowland Neotropical ecosystems seem to lack
Leucocytozoon infections (White et al. 1979; Rodriguez and
Matta 2001; Braga et al. 2011). The taxonomic resolution is
quite important to obtain a reliable estimation of parasite

0.73

H. vireonis (F1168561)

10 Plasmodium relictum (AY733088)

P. relictum (AY733089)

P. lutzi (KC138226)

P. relictum (AY733090)

P. gallinaceum (AB250690)

P. juxtanucleare (NC_008279)

P. floridense (NC_009961)

1.0 P. mexicanum (NC_009960)

diversity (Poulin and Leung 2011); large areas in the Andes
have not yet been surveyed, resulting in incomplete knowl-
edge of the distribution of many species (Herzog and Kattan
2011). Thus, studies in the Andes can contribute to this matter,
including the true estimation of the existence of latitudinal
gradients for Leucocytozoon parasites and other haemospo-
ridians in South America. The hypothesis about the possible
involvement of Gigantodax spp. in transmission of
Leucocytozoon parasites is worth testing; these insects have
not been reported as leucocytozoids’ vectors so far. This is
particularly true because Gigantodax spp. are widespread in
the Andes but absent from lowland Neotropical ecosystems
(Morrone 2001; Adler and Crosskey 2013). This pattern of
distribution of possible vectors coincides with available data
about the distribution of Leucocytozoon parasites in South
American birds.

Table 4 Genetic divergences among mitochondrial DNA (mtDNA) of three Leucocytozoon species

Species Genes

COXI COXI1I CYTB Complete mtDNA
Leucocytozoon quynzae vs. Leucocytozoon majoris 0.073+£0.010% 0.047+0.006 0.058+0.008 0.040+0.003
Leucocytozoon quynzae vs. Leucocytozoon fringilinarum 0.109+0.013 0.093+0.008 0.069+0.008 0.059+0.003
Leucocytozoon majoris vs. Leucocytozoon fringilinarum 0.105+£0.012 0.095+0.008 0.081+0.009 0.058+0.003

COXI cytochrome oxidase I, COXIII cytochrome oxidase IlI, CYTB cytochrome b

2 Genetic distance is provided, followed by standard error
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