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Abstract

The avian haemosporidian parasites (phylum Apicomplexa) are taxonomically diverse and
cosmopolitan in distribution; infecting most bird families. Sources of concern are reports of
clinical haemosporidian infections in birds kept as part of zoo and aviary collections. Recently,
severe and acute mortality episodes have been reported in masked bobwhite quail (Colinus
virginianus ridgwayi), an endangered subspecies from the American Southwest. Two hundred and
five eggs of the captive flock held in Arivaca, Arizona, were hatched at a zoo in the American
Southwest. Thirty four sub-adult or adult animals had lesions associated with tissue phases of
hemoparasites, especially vasculitis, ventricular leiomyositis and ulcerative pododermatitis.
Molecular techniques applied to blood collected from the zoo’s last twelve remaining animals
resulted in the detection of a Plasmodium juxtanucleare-like and Haemoproteus sp. parasites. A
Raven (Corvus corax), in a contiguous exhibit, was positive for the same Plasmodium
Juxtanucleare-like parasite, but remained asymptomatic for three years following detection. These
findings indicate that other birds in the exhibit within the zoo premises could act as reservoirs. We
conclude that haemosporidian infections could be a factor in the demise of the captive masked
bobwhite quails housed at the zoo. We suggest that active surveillance for haemoporidian
parasites should be incorporated as a precaution to ex-situ conservation efforts of susceptible
endangered species.
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1. Introduction

Avian haemosporidian infections have been increasingly studied as model systems for
investigating different aspects of the host-parasite interactions in ecology, evolution, and
conservation biology. The avian haemosporidian parasites (phylum Apicomplexa) are
taxonomically diverse, cosmopolitan in distribution, and infect most bird families
(Valkiunas, 2005). The three commonly reported avian hemoprotozoa belong to the genera
Plasmodium, Haemoproteus, and Leucocytozoon. Regardless of their broad host and
geographic distributions, information on their pathogenicity is almost completely based on
laboratory experiments with domesticated birds (canaries, chickens, ducklings, pigeons,
turkey poults) (Valkiunas, 2005). However, some haemosporidioses are well studied and
thoroughly documented in zoos and rehabilitation centers. Based on such assessments, we
know that these parasites are associated with a broad spectrum of clinical disease
manifestations, from asymptomatic to acutely fatal (Cardona et al., 2002, Valkilnas, 2005;
Ferrell et al., 2007, Grim et al. 2008). Among haemosporidian parasites, Plasmodium is
responsible for most frequently observed outbreaks of especially severe malaria in domestic
and wild birds in zoos and aviaries (Valkilnas, 2005, Fix et al., 1988, Cranfield et al., 1990,
Ferrell et al., 2007, Alley et al., 2008, Olias et al., 2011). However, some species of
Haemoproteus can be highly pathogenic and cause severe myositis in avian hosts (Cardona
etal., 2002, Olias et al. 2011). For example, chronic outbreaks of Haemoproteus lophortyx
infection have been reported in captive bobwhite quail (Cardona et al., 2002).

Recently, severe and acute mortality episodes have been reported in masked bobwhite quail
(Colinus virginianus ridgwayi, Odontophoridae) at breeding facilities. Masked bobwhite
quail, a subspecies of the Northern bobwhite, is the only endangered quail in North America.
Although the birds never had an extensive distribution in the U.S., they were plentiful and
common in Northern Mexico during the 1860°’s (Brown and Ellis, 1977). Excessive grazing
pressure, coupled with extended drought during the early 1890s, deteriorated the grasslands
of Southern Arizona and caused the masked bobwhite population to shrink (Brown, 1900).
This endangered sub-species is currently restricted to one captive population in the Buenos
Aires National Wildlife Refuge (Altar Valley, Southern Arizona) and two known native
populations in private ranches in north-central Sonora, Mexico (Kuvlesky et al. 2000). The
current captive flock of masked bobwhite quail may represent the only hope for this highly
endangered subspecies (Hernandez et al. 2006).

In this study, we explore the possibility that the recent mortality episodes in masked
bobwhite quail at the zoos could be related, in part, to outbreaks of Haemosporidian
infections. In this investigation we report both Haemoproteus sp. and Plasmodium
Juxtanucleare-like parasites for the first time in captive masked bobwhite quail hatched and
raised in a zoo. We describe new pathological signs such as vascular damage, especially in
the ventriculus and skin associated with the haemosporidian infection.

2. Materials and methods

2.1. Samples description

In 2006, a Southwest zoo received a total of 206 fertile masked bobwhite quail eggs for
hatching. Two dozen masked bobwhite quail were placed on exhibit, and the rest of the
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animals were placed in separate and isolated wire mesh holding facilities. The birds placed
on exhibit were housed with other native regional wildlife in large connected flight cages.
These birds were in contact with a flock of 14 thick billed parrots (Rhynchopsitta
pachyrhyncha). A small stream ran through the exhibit. A contiguous flight cage housed two
bald eagles (Haliaeetus leucocephalus), two black vultures (Cathartes aura), two common
ravens (Corvus corax), and an American porcupine (Erethizon dorstatum). Gambel’s quail
(Callipepla gambelii), and two golden eagles (Aquila chrysaetos) were exhibited in other
remote parts of the zoo.

The Zoo keepers noted that many quails appeared weak, listless and unresponsive while still
in adequate body condition, and many had ulcerative skin lesions on the dorsum of the feet
and around the tarsometatarsal-phalangeal joint. Blood smears of clinically ill birds
consistently showed numerous large intra-erythrocytic hemosporidian parasites. Affected
birds would be found dead soon after initial clinical signs. Necropsy would usually reveal
generalized pallor. Tissues from five dead masked bobwhite quail were fixed in 10% neutral
buffered formalin and submitted for histologic examination to two separate laboratories. By
March 2007 only 10 adults quail remained alive; thus, the success rate of this breeding
facility was only 5% from the original 206 fertile eggs. Those 10 adults were the subject of
this investigation in an effort to understand why such failure in maintaining this endangered
species in that particular location.

2.2 Cytology and histopathology

Histopathologic and cytologic investigation was conducted at Northwest ZooPath and at the
Arizona Veterinary Diagnostic Laboratory on five of the dead quail. Following necropsy,
sections of brain, heart, lung, liver, kidney, spleen, pancreas, alimentary tract at all levels,
reproductive tract, and skin of the feet were fixed in 10% neutral buffered formalin,
processed routinely, sectioned at 5 microns and stained with hematoxylin and eosin (HE).
Blood films from each bird were stained with Wright-Giemsa technique.

2.3. Detection of Haemosporidian parasites by polymerase chain reaction (PCR)

Zoo animals close to the exhibited masked bobwhite quail were bled as part of their annual
medical exam. A total volume of 0.25 to 0.5 ml of whole blood was collected in EDTA from
each animal and frozen prior to testing. Blood samples were drawn from the remaining ten
masked bobwhite quail, six Gambel’s quail (Callipepla gambelii, Odontophoridae), two
common raven (Corvus corax, Corvidae), four thick-billed parrot (Rhynchopsitta
pachyrhyncha, Psittacidae), one bald eagle (Haliaeetus leucocephalus, Accipitridae), and
two golden eagles (Aquila chrysaetos, Accipitridae). In addition, we collected and analyzed
blood samples from 38 masked bobwhite quail at the Buenos Aires National Wildlife
Refuge. Three blood samples of the greater roadrunner (Geococcyx californianus) were also
analyzed; one from the zoo, and two from Liberty Wildlife, a wildlife rehabilitation center in
the same region. All samples were frozen at — 4.0°C and banked for future testing.

Using 100 pl of thawed blood samples from each of the birds, deoxyribonucleic acid (DNA)
was extracted using QiAamp® DNA Blood Mini Kit (Qiagen GmbH, Hilden, Germany).
Each DNA sample was screened for haemosporidian parasites by using a nested polymerase
chain reaction (PCR) protocol that targets mitochondrial markers in the parasite.
Mitochondrial markers were chosen given that they have been widely used in avian malaria
ecology and there is a relatively extensive dataset available in the Genebank (National
Center for Biotechnology Information, National Institutes of Health), allowing us to
compare our results with those from previous studies. In order to amplify an 1800 base pair
(bp) fragment of the complete mitochondrial cytochrome & (cyt b), specific primers forward-
TGTAATGCCTAGACGTATTCC and reverse-GTCAAWCAAACATGAATATAGAC
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were designed by using the published sequences of Haemaoproteus and Plasmodium
mitochondrial DNA genome (mtDNA). PCR amplifications were carried out in a 50 p.l
volume, 20 ng of total genomic DNA, 3 mM MgCl,, 1X PCR buffer, 1.25 mM of each
deoxynucleoside triphosphate, 0.4 mM of each primer, and 0.03U/i.L AmpliTaqg polymerase
(Applied Biosystems, Roche-USA). The PCR conditions were: a partial denaturation at 94
°C for 4 min and 35 cycles with 1 min at 94 °C, 1 min at 55°C and 2 min extension at 72 °C,
a final extension of 10 min was added in the last cycle.

Those samples that tested negative in the first PCR amplification were studied with a
second, nested PCR step using 1 ! of the first amplification as the template. The PCR
conditions were identical but with internal primer forward-
TCTATTAATTTAGYWAAAGCAC and reverse-GCTTGGGAGCTGTAATCATAAT.
After electrophoresis, all amplified products were excised from the gels, purified by the
QIAmp Gel Extraction Kit (Qiagen), cloned using the pPGEM®-T Easy Vector Systems |
(Promega, USA), and sequenced using an Applied Biosystems 3730 capillary sequencer.
Both strands were sequenced from at least four clones. Sequence identity was confirmed
using BLAST by comparing the unknown Plasmodium and Haemoproteus sequences to
known mtDNA sequences available in the GenBank.

Previously reported sequences from other haemosporina and ours were aligned using the
ClustalX software version 2.0.12 (available at http://www.clustal.org/) with manual editing.
We used MEGA 4 software (Tamura et al., 2007) to generate a Neighbor-Joining tree using
Tamura 3-parameter distance. The reliability of the nodes in the NJ tree was assessed by
bootstrap method with 1000 pseudo-replications. The sequences reported in our study are
deposited in the GenBank under the accession numbers HQ724291 - HQ724298, and the
accession numbers of all sequences previously reported and included in this study are given
in Figure 3.

3.1. Cytology and histopathology

All five masked bobwhite quail had gametogenous stages of hemoparasites in circulating
erythrocytes, and these parasites were detected in Wright-Giemsa stained blood films, as
well as in histologic section. In the blood films the developing parasites were clearly
intracytoplasmic and often there were more than one parasite in the infected cell. The
parasites appeared to develop as small dark spherical nondescript structures 1-2 microns in
greatest dimension, gradually enlarging to include spherical or slightly ovoid ring forms
with displaced nuclei and clear cytoplasm. Larger elongated forms had central nuclei and
partially wrapped around, displaced, or flattened the erythroid nucleus. Scattered low
numbers of dark brown granules could be seen in the cytoplasm of the larger gametes, but
no schizonts were detected in erythrocytes (Fig. 1a).

All five birds had megaloschizonts in endothelial cells. Megaloschizonts were found
primarily in the ventricular muscular tunics, but were also seen in the heart (Fig 1). The
megaloschizonts developed within endothelial cells of small veins or venules within the
fascial planes of the ventricular muscle and in the interstitium between myofibers of the
myocardium. The cysts were generally spherical and ranged in size from 100 — 250 pm in
diameter. The cysts had a thin outer capsular membrane. Cyst lumina contained the
developing merozoites, often circumferentially delineating the inner surface of the capsule.
Centrally the cysts were clear or contained proteinaceous fluid. The outer membrane of the
cyst was sometimes ruptured and the cyst lumen suffused with blood, and the vessel lumen
in these areas contained fibrinocellular thrombi. Affected vessels were sometimes necrotic,
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inflamed or unapparent. The vessel region was sometimes surrounded or replaced by a
narrow zone of macrophages and lymphocytes (Fig. 1b-d).

Skin lesions were observed in the dorsal aspect of the foot or tarsometatarsal-phalangeal
joint. In these sections, endothelial cells lining the dermal veins and venules sometimes
contained intracytoplasmic schizonts. These schizonts caused mild hypertrophy of the cell
cytoplasm and there was a continuum in the development of the parasite. Sometimes the
cells contained amorphous blue basophilic bodies, or clearly discernable clusters of zoites.
This form was associated with generalized endothelial cell hypertrophy and occasionally
with transmural lymphoplasmacytic or heterophilic inflammation, thrombosis, fibrinoid
degeneration of the vessel wall, and perivascular inflammatory cell cuffs. Vascular lesions
were accompanied by superficial and deep dermal edema, and epidermal coagulative
necrosis, ulceration, regeneration and hyperplasia. Ulcerated regions were frequently lined
by thick serocellular crusts. Adjacent to ulcerated regions, some dermal scarring and
neovascularization were also noted (Fig. 2a-d).

Additional histologic lesions included amyloidosis, and one each of bacterial septicemia,
bacterial air sac granuloma, interstitial pneumonia, lymphocytic periportal hepatitis, and
myocarditis associated with Sarcocystis-like cysts in the sarcoplasm of the myofibers.

3.2. Molecular analysis of blood samples

Table 1 shows the number of individuals screened in this study that were positive for
haemosporidian parasites by using PCR and nested PCR. All 38 masked bobwhite quail
from the Buenos Aires National Wildlife Refuge were negative for haemosporidia.
However, six of the ten masked bobwhite quail collected at the zoo were positive, along
with all of the zoo’s Gambel’s quail (Table 1). Two of the 10 masked bobwhite quail died
during this study, but were found to be negative by PCR. The genetic analysis suggests that
four of the zoo’s masked bobwhite quail were infected with Haemoproteus sp, and two with
a Plasmodium juxtanucleare-like organism. (Table 1, Figure 3). We could not find evidence
of co-infection with both Plasmodium sp. and Haemoproteus sp. in any quail. In the case of
Gambel’s quail resident on the zoo grounds, all six were infected with the same genotype of
Haemoproteus sp. found in the zoo’s masked bobwhite quail. We also found mixed
infections, with two genotypes of Haemoproteus sp. in both masked bobwhite and Gambel’s
quail suggesting two different species of parasites co-infecting those individuals. Gambel’s
quail showed no clinical signs of disease.

Of all the other birds housed near the zoo’s masked bobwhite quail and tested, looking for a
potential reservoir of Haemosporidian parasites, only one common raven and the two golden
eagles were positive by PCR. The parasite sequence obtained from the common raven was
100% identical to the sequence of Plasmodium juxtanucleare-like found in the masked
bobwhite quail (Table 1, Fig. 3). One bald eagle appeared to be infected with Plasmodium
relictum. In addition, the same genotype indentified as A. relictum was found in a greater
roadrunner from a regional wildlife rehabilitation center in Scottsdale, Arizona. It is worth
noting that the P. relictum sequence found in this study was identical to P. relictum, isolate
ATCC 30141 from a mourning dove (Zenaida macroura, Columbidae) sampled in Nebraska
[AY733089] (Fig. 3). The common raven and the bald eagle showed no clinical signs of
malaria (no weakness, progressive weight loss, severe anemia, and/or diarrhea as described
in Valkidnas, 2005).

4. Discussion

Avian hemosporidian parasites, including species of Haemoproteus, Plasmodium, and
Leucocytozoon, are transmitted by hematophagous dipteran insects (Diptera) and are
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cosmopolitan in their distribution (\Valkitnas, 2005). Given that these birds hatched in the
z00, they must have acquired the infection there. Indeed, the area of the zoo that the masked
bobwhite quail were housed in had a history of acute West Nile virus infections in
mammals, suggesting a high insect vector population in the area that could allow active
transmission of these parasites. Although most hemosporidian infections are subclinical,
some avian species, as well as stressed or immune-compromised individuals, could suffer
severe or fatal infections. To our knowledge, this is the first report of a Plasmodium
Juxtanucleare-like parasite in captive masked bobwhite quail hatched and raised in a zoo.
Among malaria parasites, P. juxtanucleare is responsible for observed outbreaks of
particularly severe malaria in domestic birds (Valkitnas, 2005) and penguins (Grim et al.,
2003). It primarily infects chickens (Gallus gallus domesticus) and other species of the
Phasianidae (Massard and Massard, 1981). As is the case with several naturally occurring
avian haemosporidia infections, there are rarely any clinical signs associated with 2.
Juxtanucleare infections (Mota, 1998). However, with immune-suppression or stress, high
parasitemia has been reported. Several clinical signs usually appear shortly before death;
when birds become weak, move with difficulty, show progressive weight loss, pale mucous
membranes, severe anemia, and diarrhea (Valkidnas, 2005).

Histologic evaluation of affected quail revealed asexual stages of at least one hemoparasite
in all 5 of the birds. In all of these birds, infection was associated with vascular damage,
especially in the ventriculus and skin. The gross skin lesion involving the feet appeared to be
due to dermal vascular damage associated with schizogenous stages of the parasite.
Although this manifestation of hemoparasite infection is rarely reported, dermal vascular
manifestations of malaria has been observed in penguins, teals and various species of
Passeriformes (unpublished observation). Based on the cytologic and histologic findings in
these quail it is considered likely that the hemoparasitism contributed significantly to
morbidity and mortality in this collection.

Concurrent disease processes in these birds included amyloidosis, bacterial infection and
sarcocystosis, and were considered secondary or unrelated disease processes. Amyloidosis is
a common finding in granivorous birds associated with chronic inflammation and stress
(Landman et al. 1998). It is likely that parasitism contributed to the development of
amyloidosis in some of these birds. Concurrent bacterial or nonspecific inflammation was
also seen in these birds, and likely also contributed to clinical morbidity and amyloidosis.

As indicated by our molecular analysis, the common raven could serve as a reservoir of
Plasmodium juxtanucleare-like parasite at this zoo given that the DNA sequence of this
parasite is identical to the one found in masked bobwhite quail. This result is consistent with
previous observations indicating that passerines are frequently infected with Plasmodium
parasites and could be asymptomatic carriers, exhibiting a low degree of host specificity
(Bensch et al. 2000, Valkitnas, 2005, Szymanski and Lovette 2005, Krizanauskiené et al.
2006, Krone et al., 2008). Whereas reservoir hosts within the zoo collection could facilitate
transmission of the disease to sensitive birds, we cannot determine the importance of
unidentified wild birds within the zoo as reservoir hosts (Valkitanas, 2005, Fix et al., 1988,
Cranfield et al., 1990, Ferrell et al., 2007, Alley et al., 2008). Indeed, similar observations
have been reported in aviaries from Germany and Switzerland where the bird hosted at those
facilities, in this case parrots, were affected by Haemoproteus sp. commonly found in wild
European songbirds that appear to act as reservoirs of the disease (Olias et al., 2011).

In addition to the P. juxtanucleare-like species found in this study, some masked bobwhite
quail were infected with at least two different species of Haemaoproteus spp. as suggested by
our genetic analyses (Fig. 3). The same parasite was found in the Gambel’s quail resident on
the zoo without clinical signs of disease. Infections by Haemoproteus species have low
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pathogenicity and are rarely considered a cause of avian mortality except in quail, turkey,
Columbiformes, and parrots (Atkinson et al. 1988, Rae, 1995, Cardona et al., 2002, Olias et
al., 2011). Thus, in the case of this endangered quail, Haemoproteus species should be
considered a serious risk for ex-s/tu breeding programs. A case report describes severe
mortality associated with outbreaks of Haemaoproteus lophortyx in captive bobwhite quail
(Colinus virginianus) (Cardona et al. 2002). Clinically, the signs of infection included
reluctance to move, ruffled appearance, prostration, and death. These signs were associated
with parasitemia, anemia, and the presence of large megaloschizonts in skeletal muscles;
particularly those of the thighs and back (Cardona et al. 2002). Unfortunately, there are no
DNA sequences for H. lophortyx reported in the GenBank that can be used for comparison.

In recent reports, PCR analyses of affected liver identified Haemoproteus sp. and
Plasmodium sp. megaloschizont stages with identical histologic features as the likely
etiologic agents of fatal hepatopathies in a zoological collection of green jays (Cyanocorax
yncas glaucescens), lesser Flamingos (Phoeniconaias minor) and oropendulas (Psarocolius
montezuma) (Ferrell et al. 2007). This observation suggests that different hemoparasites
may have similar or identical light microscopic features, especially during asexual
development. This may explain the PCR identification of more than one hemoparasite in
quails with similar lesions.

An important finding for conservation effort is that the 38 masked bobwhite quail from the
Buenos Aires National Wildlife Refuge were negative for haemosporidian parasites by
nested PCR. It appears that the birds in the reserve are not infected. However, because some
Plasmodium spp. can be recrudescent (Valkitnas, 2005), detection of infection by blood
film microscopy or PCR could be difficult. Thus, in cases like this where the species are
endangered, sequential screening of birds may be indicated in order to rule out possible
infections whenever new and potentially susceptible species are going to be incorporated as
part of a zoo or aviary collection.

We also found that two golden eagles, housed away from the masked bobwhite quail at the
z00, appeared to be infected with P. relictum. Although this species was not found infecting
bobwhite quails; its presence reinforces our observation that there is active malaria
transmission. The same strain was found in a wild greater roadrunner from a regional
wildlife rehabilitation facility, indicating that it may be present in the state of Arizona in a
variety of bird species. The P. relictum sequence found in both bird species from Arizona
was identical to one isolate from Nebraska. These results indicate that this malarial parasite
is actively transmitted among genetically distant birds and in a broad geographic area.
Plasmodium parasites have been described as causing disease and mortality in birds of prey
(Greiner et al., 1981, Krone et al. 2001, 2008) and have been frequently recorded in many
zoos of North America, Europe, and Asia (Cranfield et al., 1990, Valkilnas, 2005, Ferrell et
al. 2007, Grim et al. 2008). Specifically, P. relictum is considered the most common
pathogenic parasite associated with clinical disease in falcons, gyrfalcons, kestrels, and other
Falconiformes and Strigiformes (Kingston et al., 1976, Remple, 2004). This finding
highlights the importance of active surveillance of zoo collections in order to detect
potentially harmful parasites that could start circulating in the area and affect susceptible
birds.

Based on our results, we propose that haemosporidian infections were a contributing factor
in the demise of the captive masked bobwhite quails housed at the zoo. Therefore, the
impact of hemosporozoan infections on current ex-s/tu conservation efforts should be
evaluated. This study highlights the importance of periodic health examination of avian
collections, as well as the application of proper quarantine periods in zoos when receiving
and managing susceptible group of birds.
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Figure 1.

a) Blood film showing numerous erythrocytes that contain intracytoplasmic protozoan
gametes, including small dark bodies (long arrow), ring forms (short arrow), and elongated
forms (arrowheads). Wright-Giemsa, bar = 25 um. b) Megaloschizont filling lumen of a
blood vessel in the smooth muscle tunic of the ventriculus. Note clear vacuole,
proteinaceous fluid (*), and zoites. HE, bar = 220 wm. c) Degenerative cyst in ventricular
smooth muscle tunic. Note that the remnant cyst contains proteinaceous fluid (*) of the
parasite admixed with host erythrocytes. HE, bar = 190 wm. d) Focus of mixed
inflammation and hemorrhage following megaloschizont rupture and vascular obliteration.
HE, bar = 210 pm.
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Figure 2.

a) Note numerous foci of dark discoloration and ulceration on the dorsal aspects of the feet,
corresponding to vascular lesions detected histologically. Bar = 2 cm. b). Full thickness
section of skin from the dorsal aspect of the toe, showing chronic lesions. Note ulceration,
crust formation, epidermal hyperplasia adjacent to the ulcer, and dermal scarring. HE, bar =
300 wm. c) A venule in the dermis showing acute fibrinoid necrosis with thrombosis and
mild perivascular inflammatory infiltrate. HE, bar = 150 wm. d) Small vein in the dermis
showing endothelial cell hypertrophy, necrosis and exfoliation. Note intracytoplasmic
schizont in a hypertrophied endothelial cell (arrow). HE, bar = bar = 60 pm. Inset) higher
magnification of the infected endothelial cell. Note the numerous zoites fill the cytoplasm
and displace the host nucleus (arrow). HE, bar = 10 pm.
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Neighbor-Joining tree of the Hemosporidian parasites found in birds sampled in this study

using Tamura 3-parameter distance. The numbers on nodes of the tree are percent of

bootstrap values based on 1000 pseudo-replications. (MBQ) Masked Bobwhite Quail, (GQ)
Gambel’s Quail, (CR) Common Raven, (GE) Golden Eagle, and (GR) Greater Roadrunner.

Numbers of positive individual are indicated within parenthesis. GenBank accession

numbers are provided for our and the sequences previously reported.
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