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Abstract

Haemoproteus spp. and Plasmodium spp. are blood parasites that occur in birds worldwide. Identifying the species within this
group is complex, especially in wild birds that present low parasitemia when captured, making morphological identification very
difficult. Thus, the use of alternative tools to identify species may be useful in the elucidation of the distribution of parasites that
circulate in bird populations. The objectives of this study were to determine the prevalence and parasitemia of the genera
Plasmodium and Haemoproteus in Tachyphonus coronatus in the Atlantic Forest, Brazil, and to evaluate the molecular diversity,
geographic distribution, and specificity of these parasites based on coalescent species delimitation methods. Microscopic anal-
ysis, PCR, cyt b gene sequencing, phylogenetic analysis and coalescent species delimitation using single-locus algorithms were
performed (Poisson tree process (PTP) and multi-rate Poisson tree process (MPTP) methods). The analyses were performed in
117 avian host individuals. The prevalence was 55.5% for Plasmodium and 1.7% for Haemoproteus, with a mean parasitemia of
0.06%. Twenty-five Plasmodium and two Haemoproteus lineages were recovered. The MPTP method recovered seven different
evolutionarily significant units (ESUs) of Plasmodium and one of Haemoproteus, whereas PTP presented fourteen ESUs of
Plasmodium and one of Haemoproteus. The MPTP was more consistent with current taxonomy, while PTP overestimated the
number of lineages. These ESUs are widely distributed and have already been found in 22 orders of birds that, all together, inhabit
every continent, except Antarctica. The computational methods of species delimitation proved to be effective in cases where the
classification of Haemosporida based just on morphology is insufficient.
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genera Plasmodium and Haemoproteus are the most well stud-
54 Mariana F. Rossi ied (Valkitinas 2005). These parasites have a complex life cycle
mfonsecarossi@gmail.com with an asexual stage, which occurs in the vertebrate host, and a
sexual stage, which occurs in haematophagous dipterans
(Insecta: Diptera) (Garnham 1966). Morphological characteris-
tics, such as the presence of pigments, gametocyte shape, host
cell nucleus displacement, parasite position in cells, type of exo-
erythrocytic schizogony, and vertebrate host, have traditionally
been used to describe species in this group. To date, the use of
these morphological characters has led to the description of 55
Plasmodium and more than 140 Haemoproteus species
(Dimitrov et al. 2014; Valkitinas and Iezhova 2018). In recent
years, the accumulation of mitochondrial cytochrome b gene (cyt
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b) sequences from avian haemosporidian available in databases
has created a discussion regarding the current number of existing
species. In the MalAvi database, created for avian haemosporid-
ian parasites, approximately 2800 lineages of Plasmodium and
Haemoproteus based on the ¢yt b gene have been deposited, in
which the majority are not attributed to any morphologically
known species (http://mbio-serv2.mbioekol.lu.se/Malavi/,
Bensch et al. 2009). Because of an exponential increase in the
number of nucleotide sequences in databases, many studies have
used differences in at least one base pair (single-nucleotide
polymorphism; SNP) in the ¢yt b gene to delimit new lineages
(Bensch et al. 2004; Clark and Clegg 2017). However, these
parasites exhibit slow rates of mitochondrial evolution
(Ricklefs and Outlaw 2010); therefore, the use of the cyr b gene
as DNA barcode for the estimation of species limits in haemo-
sporidians should be performed with caution.

A consensus on how to delimit the haemosporidian species
based on genetic sequences does not exist yet (Perkins 2014);
however, researchers suggest that an interaction of species con-
cepts should be used. Perkins (2000) was one of the first to
apply the three main classes of concepts of species: morpho-
logical species concept (MSC), biological species concept
(BSC), and phylogenetic species concept (PSC). This author
stated that, ideally, these three classes should be integrated at
the specific level. Although the concept of morphological sim-
ilarity has been used for many years (Garnham 1966;
Valkitinas 2005), species identification in the Haemosporida
order has been a challenge for researchers. Complications arise
from the distortion of morphological characteristics in blood
smears, such as the occurrence of cryptic species, and by the
low parasitemia of many haemosporidian lineages in wild
birds. Additionally, the advancement of molecular approaches
has helped to reduce specialist taxonomists, which compro-
mises morphological studies, such as the production of low-
quality slides and few professionals trained to perform this
analysis. The biological species concept is difficult to use be-
cause of the complex life cycle of these parasites and the lack of
information regarding reproductive isolation between defined
species (Perkins 2000; Outlaw and Ricklefs 2014).

Regarding the phylogenetics species concept (PSC), recently,
new methods based on the coalescent model have been shown
to be effective in discovering cryptic biodiversity and in estab-
lishing patterns for species delimitation for various taxa (Pons
et al. 2006; Fuyjita et al. 2012; Musher and Cracraft 2018; Galen
et al. 2018). The PSC defines a species as a grouping of organ-
isms with patterns of ancestry and descent, which differ from
other clusters (Eldredge and Cracraft 1980). Computational spe-
cies delimitation algorithms can delimit or validate evolutionary
significant units (ESUs) (Ryder 1986) from genetic sequences,
and can be powerful in the identification and assignment of
probabilities to reproductively isolated lineages (Fujita et al.
2012; Galen et al. 2018; Mello et al. 2018). To date, the use of
these methods to inform species limits in microbial symbionts
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has been rare. They have only been used to delimit ESUs for
Leucocytozoon (Haemosporida) using nuclear genes, which pre-
sented high species richness in Alaska birds (Galen et al. 2018).
Thus, a coalescent species delimitation analysis using only the
cyt b gene has not been conducted for haemosporidians.

The Brazilian Atlantic Forest has one of the richest avifauna
in the world (Mittermeier et al. 2005), with approximately 891
bird species. Among these, 213 are endemic and 233 are on the
endangered species list (MMA 2020). The status of these avi-
fauna has resulted from a set of environmental degradation pro-
cesses resulting from activities such as extraction, mining, agri-
culture and urban occupation (Galindo-Leal and Camara 2003;
Dean 2004; Lima 2014). Currently, this ecosystem is reduced to
isolated forest remnants that are 8.5 to 12% of its original extent
(Ribeiro et al. 2005).

The information generated from bird studies can be used as
an indicator of environmental health and as an indicator of
ecosystems biodiversity because of their high species rich-
ness, their taxonomic and systematic knowledge, and their
sensitivity to environmental changes (Furness and
Greenwood 1993; Turner 1996; Bierregaard Jr and Stouffer
1997; Piratelli et al. 2008). Thus, studies on avian haemospo-
ridians are extremely important because of the increasing in
knowledge regarding species diversity and distribution, the
possibility of determining the pathogenicity in the hosts, and
the contribution to conservation programs (Garnham 1966;
Valkitnas 2005; Olias et al. 2011; Vanstreels et al. 2015;
Ilgtinas et al. 2016; Valkitinas et al. 2017a).

The ruby-crowned tanager (Tachyphonus coronatus) is a
bird species in the Thraupidae family that has several natural
habitats, including the subtropical or tropical moist lowland
rainforests, subtropical or tropical mountain rainforests, and
highly degraded ancient forests (BirdLife International 2018).
This species has a generalist habit and an extremely wide
range, covering areas of southern Brazil and the Atlantic
Forest, reaching Argentina and Paraguay (Sigrist 2014).
Thus, T. coronatus is a valuable representative of birds in
ecological studies, because this species has not reached the
limits of vulnerability, under the criterion of range size and
population tendency, presenting a state of “conservation of
little concern or stable” (BirdLife International 2018).

We did not find another study in the literature that applied
the coalescent species delimitation analysis, using two differ-
ent algorithms based on a single-locus (Poisson tree processes
[PTP] and multi-rate Poisson tree processes [MPTP]) for
Plasmodium and Haemoproteus species. The limits of species
recovered by the coalescent methods also were used to eval-
uate the richness, distribution and specificity of the avian hae-
mosporidians. Prevalence and parasitemia were evaluated to
understand the haemosporidian dynamics in a population of
ruby-crowned tanager, Tachyphonus coronatus Vieillot, 1822
(Passeriformes: Thraupidae), in the Atlantic Forest of Minas
Gerais, Brazil.
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Material and methods
Area of study and blood collection

Birds were captured from five different fragments of the
Atlantic Forest in the municipality of Juiz de Fora, Minas
Gerais, southeast of Brazil (21°45' 51" S,4321' 01" W) from
2013 to 2015 (36 months). The climate of the region is clas-
sified as a humid subtropical climate (CWA) according to
Koéppen (1970), and experiences a cold and dry season
between May and September, and a hot and humid season
between October and April. Mist nets were used to capture
the birds, which were weighed and tagged with marking rings
numbered to avoid resampling, and then were weighed. The
identification of bird species was performed according to
Ridgely and Tudor (2009) and Sigrist (2014) based on mor-
phometric analyses and phenotypic characteristics, such as
size, plumage colour, beak and legs.

Blood samples from 117 individuals of 7. coronatus were
collected by brachial vein puncture and one drop (approxi-
mately 5 uL) was used for the preparation of blood smears
for microscopic analysis. The volume of blood collected did
not exceed 1% of the total weight of the animal.
Approximately 30 uL of blood was stored at —20 °C for
molecular analyses. After the sampling procedures, birds were
immediately released. All sample collection procedures were
evaluated and approved by the Animal Experiment Ethics
Committee of the Federal University of Juiz de Fora (042/
2012) and by the System of Authorization and Information
on Biodiversity (SISBIO) (29268-3).

Microscopic analysis

Blood smears were prepared for each collected bird. The
blood smears were dried and fixed in absolute methanol for
3 min at the collection site and stained with Giemsa (Merck,
Darmstadt, Germany) in the laboratory, according to
Valkitinas et al. (2008a). An Olympus BX-51 light micro-
scope (Olympus, Tokyo, Japan), equipped with an Olympus
Evolt E-330 digital camera, was used to examine the slides at
a magnitude of x 600 for 20 min. One hundred microscopic
fields were observed at a magnitude of x 1000 to estimate the
prevalence of infection (Bush et al. 1997). Parasitemia was
determined by counting infected erythrocytes in 10,000 eryth-
rocytes (Godfrey et al. 1987).

Molecular methods

Total DNA was extracted from 20 uL of the blood sample that
was positive by microscopic analysis using the Wizard®
Genomic DNA Purification Kit (Promega®, Sao Paulo,
Brazil) according to the manufacturer’s recommendations.
After DNA extraction, the DNA was quantified in a

spectrophotometer (Nanodrop ND-2000 ®, Thermo Scientific,
Wilmington, DE, USA) and the DNA samples were standard-
ized to a concentration of 25 ng/uL. The samples were stored in
triplicate at — 20 °C until molecular analyses were performed.

A nested PCR was used to amplify a 479-bp fragment from
the haemosporidian cytb gene. In the first reaction, the primers
HaemNFI (5-CATATATTAAGAGAAITATGGAG-3') and
HaemNR3 (5-ATAGAAAGATAAGAAATACCATTC-3)
were used to amplify the cytb gene of Plasmodium spp.,
Haemoproteus spp. and Leucocytozoon spp. (Hellgren et al.
2004). The PCR was performed in a final volume of 25 uL,
using 1X GoTaq® Green Master Mix (Promega, MA, USA),
1 uM of each primer and 100 ng of genomic DNA. In the
second reaction, the primers HaemF (5'-ATGG
TGCTTTCGATATATGCATG-3') and HaemR2 (5'-GCAT
TATCTGGATGTG ATAATGGT-3") were used to amplify
the cytb gene of Plasmodium/Haemoproteus (Bensch et al.
2000). The second reaction was conducted in a final volume
of 25 uL, containing 1X GoTaq ® Green Master Mix, 0.4 pM
of each primer and 2 puL of the first reaction. The
thermocycling conditions of both reactions were 94 °C for
3 min, 35 cycles of 94 °C for 30 s, 52 °C for 30 s, 72 °C for
45 s and a final extension at 72 °C for 10 min.

If co-infections of Plasmodium/Haemoproteus were ob-
served upon microscopic examination, an additional nested
PCR (used to amplify parasites of the Haemoproteus) was
performed using the primer pair 3760F (5'-ATGG
AGTGGGTGTTTTAGAT-3") and 4292Rw (5'-TGGA
ATAACATGTARAGGAGT-3) in the first reaction, and the
primers HML (5'-GCTACTGGTGCTACATTTGT-3’) and
HMR (5'-CCT AAA GGA TTA GAG CTA CC-3') in the
second reaction (Merino et al. 2008). The first reaction was
conducted in a final volume of 25 uL, containing 1X GoTaq
® Green Master Mix (Promega, MA, USA), 1.0 uM of
primers, and 100 ng of total DNA. The second reaction was
performed under the same conditions, modifying only the
primers and the template. In this second reaction, 0.4 pM of
the primers and 1 pL of the first reaction were used. The
thermocycling conditions were the same as those used by
Merino et al. (2008). Ultra-pure water was used a negative
control for both protocols. Genomic DNA from Plasmodium
gallinaceum was extracted from a cell culture and used as a
positive control for both protocols. PCR amplicons were sep-
arated by 2% agarose gel electrophoresis, stained with Blue
Green Loading Dye I (LGC Biotechnology, Cotia, Sao Paulo,
Brazil), and visualized under ultraviolet light.

The amplified products were purified using the QIAquick®
Purification Kit (Qiagen®, Sdo Paulo, Brazil), and subjected
to bidirectional sequencing using the HaemF/HaemR2 or
HML/HMR primers (Bensch et al. 2000; Merino et al. 2008)
on a 3130xL Genetic Analyzer Sequencer (Applied
Biosystems®, Carlsbad, CA, USA), following the manufac-
turer’s instructions.
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Phylogenetic analysis

Phylogenetic reconstructions were performed using a dataset
containing 27 sequences of the cytb gene of haemosporidian
blood parasites obtained in the present work, and a set of
Plasmodium and Haemoproteus morphospecies sequences
available from the MalAvi database (n=116) in November
2019 (Bensch et al. 2009)(Supplementary Table S3). The spe-
cies Leucocytozoon buteonis, Leucocytozoon fringillinarum
and Leucocytozoon quynzae were chosen as the outgroup.
Sequences were aligned in MAFFT (Katoh et al. 2017) with
default options and then visually inspected. After removing
poorly aligned positions in the flanking regions with Gblocks
(Talavera and Castresana 2007), a matrix with 479 bp was
obtained. Each sequence that contained at least one different
nucleotide was considered a new lineage, named according to
Bensch et al. (2009) and deposited in the MalAvi and
Genbank databases. Haemosporida phylogeny was conducted
under a maximum likelithood (ML) and Bayesian inference
(BI) frameworks. ML topology was inferred via RAXML
(Stamatakis 2014), using the GTR + GAMMA + I model with
four gamma categories (Tavaré 1986; Yang 1994); this was
chosen as the best substitution model in JmodelTest, imple-
mented in MEGA7 (Kumar et al. 2016). Clade support was
assessed with the bootstrap convergence criterion of RAXML
(Stamatakis 2014) with 500 pseudo-replicates. Bayesian infer-
ence analyses were performed using MrBayes v. 3.2
(Ronquist et al. 2012) and the evolutionary model was the
GTR + GAMMA + 1. Two simultaneous and independent
Markov chain Monte Carlo simulations were performed using
three heated chains and one cold chain (N chains =4) with a
sample and print frequency of 500 and a diagnostic frequency
of 5000 for 1,000,000 generations or until the average stan-
dard deviation of the split frequencies was below 0.01, indi-
cating the convergence of the two independent runs. All trees
remaining after discarding the burn-in (25%) were used in the
calculation of posterior probabilities using a majority rule
consensus.

Computational delimitation of species

The species delimitation Poisson tree process (PTP) and
multi-rate Poisson tree process (MPTP) approaches were
used to delimit evolutionarily significant units (ESUs).
These tools are based on the coalescence theory and differ
mainly in speciation modeling. The PTP models speciation
in units of substitutions per sites and assumes that the num-
ber of substitutions between species is greater than the num-
ber of substitutions within species (Zhang et al. 2013). The
MPTP is a version of the PTP that improves estimation in
phylogenies that have different inter- and intraspecific rates.
The speciation rate may be constant between sister species,
but the intraspecific coalescence rate and genetic diversity
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can vary significantly even among sister species; therefore,
MPTP accounts for the different rates of branching events
within each delimited species (Kapli et al. 2017). The
dataset used to delimit haemosporidian ESUs was assembled
in a particular way to avoid sampling bias; therefore, the
analyses for Plasmodium spp. and Haemoproteus spp. were
performed separately. All cyth gene sequences greater than
430 bp in length (“long sequences™) that were deposited in
the MalAvi database were used, along with the novel se-
quences produced in the present study. The Plasmodium
spp. dataset comprised of 906 sequences (26 from the pres-
ent study and 880 available in the MalAvi database), where-
as the Haemoproteus spp. dataset comprised 984 sequences
(two from the present study and 982 available in the MalAvi
database). The species L. buteonis, L. fringillinarum and
L. quynzae were chosen as the outgroup. Phylogenetic tree
inferences were conducted using the ML method, as de-
scribed in the previous subsection. The PTP and MPTP
methods to delimit ESUs were employed on both rooted
phylogenies obtained in RAXML (Plasmodium and
Haemoproteus datasets), and both methods were implement-
ed in the MPTP Webservice (http://mptp.h-its.org/#/tree),
using the default parameters. The outgroup was removed
before all analyses.

Geographic distribution and host specificity analyses

From the results obtained by the species delimitation method
with the best performance in this study, the “hosts and sites” in
the MalAvi database was queried to record the geographical
coordinates of the locations where the lineages grouped in
each ESU which was sampled. We used the geographic coor-
dinates of the sampling country for lineages that had no coor-
dinates recorded in the database. With these data, we built
geographic maps in the ArcMap 10.3 (Santos 2009) using
the global distribution of the ESUs and a network graph
representing the distribution of these significant units by order
of avian hosts.

Results
Prevalence and intensity of infection

Samples were collected from 117 specimens of 7. coronatus
in the Atlantic Forest of Minas Gerais, Brazil. Overall, the
prevalence of Plasmodium spp. and Haemoproteus spp. was
56.4% (66 individuals). Plasmodium genus was recorded in
65 individuals (55.5%) and Haemoproteus in two individuals
(1.7%). Only one individual exhibited co-infection. Mean
parasitemia was 0.06%. Most of the infected birds (60%)
had low parasitemia (0.01-0.05%) and only 13% had a para-
site intensity greater than 0.1%.
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Phylogenetic reconstruction

From 66 positive samples from the microscopic examination,
27 lineages of the cytb gene of parasites were recovered.
Phylogenetic reconstruction from the dataset with morphospe-
cies sequences available in the MalAvi database showed that
25 lineages from this study clustered with the Plasmodium
spp. lineages and 2 with the Haemoproteus spp. lineages
(Fig. 1). Among the lineages of Plasmodium spp., nine are
new lineages (two lineages were obtained from a co-infected
bird) and the other remaining samples were identified in pre-
vious studies (MalAvi database). For Haemoproteus, both are
new lineages. The Haemoproteus spp. were recovered as a
sister group of representatives of the Plasmodium spp. The
lineages obtained in this study formed six different clusters
(Fig. 1). The TCCA94 lineage grouped as a sister group with
the lineage of the P. elongatum (clade 1) (genetic distance:
0.3%) and the lineage TCSB1033 with a sister group of the
lineages of P. matutinum (genetic distance: 2.4%) and P. lutzi
(clade 2) (genetic distance: 2.4%). Clade 3 recovered in a
single cluster with nine lineages obtained in this study
(TCJB29, TCIBI161, TCIB851, TCJB472, TCJB1855,
TCJB1569, TCJB1952, TCJB1021 and TCJBS53). In the
fourth clade (clade 4), the TCIB79-2 lineage had P. unalis
(genetic distance: 1.4%) as a sister group. No known morpho-
species lineage grouped within the TCJB730 and TCIB1821
lineages, which formed clade 5, while the sixth clade (clade 6)
grouped nine other lineages obtained in the present study
(TCIB904, TCCH216, TCIBS57, TCJB617, TCIB642,
TCIB1596, TCIB1789, TCJB1070 and TCJB1011) with the
P. nucleophilum lineage (Mean distance genetic: 0%). The
seventh cluster (clade 7) grouped the TCJB1650 and
TCJB79-1 lineages with P. cathemerium emerging as the sis-
ter group, and had a genetic distance of 1.4% and 2.4%, re-
spectively. The two lineages (TCJB20 and TCJB75) that clus-
tered with Haemoproteus (clade 8) represented
H. ilanpapernai as a sister group, with a genetic distance
2.5% and 2.1%, respectively (Fig. 1). Here we use the alter-
native names of the lineages, and their corresponding names
in MalAvi database are supplied in Supplementary Table S1.

Species delimitation

The species delimitation analyses produced estimates that
ranged from 118 species (MPTP) to 450 species (PTP) for
Plasmodium lineages. For Haemoproteus lineages, the
methods produced between 65 species (MPTP) and 436
species (PTP) (Table 1). In relation to Plasmodium spp.,
both of the species delimitation algorithms presented a high
frequency of match profiles (when the ESUs agreed with the
taxonomy classification), and a low number of lumper pro-
files (groups having more than one taxonomically defined
species under a single name). However, the algorithm PTP

exhibited more splitter cases (when taxonomically defined
species were recovered in different ESUs) than did MPTP
for the Plasmodium lineages. Furthermore, an elevated num-
ber of lineages that did not have morphological characteri-
zation associated was identified after the application of the
species delimitation methods because they were grouped
into clusters with a morphospecies (Table 1). In this case,
the frequency of identification lineages was higher for the
MPTP analysis (462 lineages identified) than the PTP anal-
ysis (210 lineages identified). The analyses of
Haemoproteus spp. showed that, although the PTP method
presented more match profiles than did MPTP, the number
of splitter profiles recovered by PTP was more frequent than
that of MPTP (Table 1). However, the PTP presented fewer
cases of lumper profiles than did MPTP for the
Haemoproteus lineages. Regarding the lineages obtained in
this study, MPTP grouped 25 Plasmodium lineages in seven
ESUs (Fig. 2, Supplementary Table S2). Of the seven ESUs,
four of them presented lineages associated with
P. cathemerium, P. nucleophilum, P. unalis and
P. elongatum (Supplementary Table S2). For
Haemoproteus lineages, the MPTP method produced more
lumper cases than did PTP, which formed one single ESU, a
correspondent with nine morphospecies (Fig. 3,
Supplementary Table S2). The PTP was a splitter in relation
to the MPTP method for Plasmodium lineages, inferring 14
ESUs. The main difference was the division of one ESU,
which united nine lineages in the present study using the
MPTP method, into seven ESUs in the PTP (Fig. 2,
Supplementary Table S2). Both methods agreed with the
association of ESU 39 (MPTP) and ESU 134 (PTP) with
the morphospecies P. nucleophilum and ESU 103 (MPTP)
and ESU 392 (PTP) with P. elongatum. For Haemoproteus
lineages, the PTP method inferred one single ESU with our
two lineages, without association with morphospecies (Fig.
3, Supplementary Table S2).

Species distribution and host specificity

The eight ESUs delimited by MPTP, obtained from
T. coronatus, were recorded in 22 orders of birds (Fig. 4)
that are collectively are distributed among all continents,
except Antarctica (Fig. 5). The order Passeriformes not only
had the highest number of ESUs, but was the only order that
was represented all ESUs delimited in this work (Fig. 4).
Among continents, most of the seven ESUs of Plasmodium
were recorded mostly in South America, mainly in the
northern and south-eastern regions of Brazil (Fig. 5). The
highest occurrence of the ESU containing Haemoproteus
lineages occurred in North America, although lineages of
this ESU have already been recorded in the northern region
of Brazil. The eight delimited species were recorded in both
captive and wild birds.
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Fig. 1 Phylogenetic tree inferred
by maximum likelihood and
Bayesian analyses based on

479 bp of the mitochondrial gene
cytochrome b (cytb) of avian
haemosporidian morphospecies.
Only branch values (ML/BI)
above 70% are presented and
indicated near the nodes. The
values close to the nodes
represent the bootstrap values
followed by the Bayesian
posterior probability. The
sequences obtained in the present
study are highlighted in bold. (-)
represents < 70% bootstrap or
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Discussion

Information on haemosporidians of birds in Brazil has ad-
vanced substantially in recent years. However, studies have
concentrated on a few regions and have been generally related
to the diagnosis and ecology of these parasites (Ferreira et al.
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L leucocytozoon quynzae

2016; Fecchio et al. 2017; Tostes et al. 2017; Tostes et al.
2018; Fecchio et al. 2018; De Oliveira et al. 2019; Fecchio
et al. 2019b, 2019c¢). Records of haemosporidian parasites in
T. coronatus were assessed only in Sdo Paulo and in the
Atlantic Forest of Minas Gerais, both with a diagnostic pur-
pose (Bennett and Lopes 1980; Woodworth-Lynas et al. 1989;
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Table1 Summary results of coalescent species delimitation of all avian
haemosporidians sequences available in MalAvi database, using different
single-locus algorithms (PTP and MPTP), showing comparative perfor-
mance between both methods and the taxonomy classification. The match
profile was defined when the ESUs agreed with taxonomy classification.

The splitter profile was defined when taxonomically defined species were
recovered in different ESUs. The lumper profile defines the species
broadly, grouping more than one taxonomically defined species under a
single name

Lineages Method ESUs Taxonomy Not identified sequences Match  Splitter Lumper Sequences identified ESUs still
sequences  before specie delimitation ~ profiles profiles profiles after specie delimitation not identified
Plasmodium  PTP 450 23 1111 21 6 0 210 423
MPTP 118 23 1111 20 4 1 462 93
Haemoproteus PTP 436 61 1119 39 24 7 123 366
MPTP 65 61 1119 15 4 9 107 37

Ribeiro et al. 2005; Fecchio et al. 2019a). Thus, the present
study is the pioneer in the characterization of molecular diver-
sity, phylogenetic relationships, and species delimitation of
T. coronatus parasites.

The prevalence of haemosporidian recorded in this study
was quite high compared with the prevalence found in other
bird species in the Neotropical region, which may be related to
several factors such as habitat, host genetics, the presence of
vectors, their distribution, and vector transmission capacity
(Bensch et al. 2007; Glaizot et al. 2012). T. coronatus is a
widely distributed bird in Brazil and commonly found in the
Atlantic Forest, where the diversity of birds and dipterans is
very high (Guedes 2012; Lima 2014). This factor contributes
to the wide and diverse contact of these birds with other hosts
and vectors and consequently a larger number of individuals
potentially infected by haemosporidian parasites.
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The different Plasmodium and Haemoproteus lineages
(n=27) identified in T. coronatus and the phylogenetic recon-
struction suggest that a high diversity of haemosporidian par-
asites exists in this bird population. Most lineages clustered in
clade 3, which had a sister cluster with P. matutinum and
P. lutzi species and in clade 6, included P. nucleophilum in
the cluster, indicating that these lineages are widespread in the
region. In addition, P. lutzi and P. nucleophilum have been
reported to parasitize other bird species in the Atlantic Forest,
including some that reside within the same region where the
specimens of this study were captured (Chagas et al. 2013,
2017; Lacorte et al. 2013; Tostes et al. 2017; Oliveira et al.
2019), which suggests low host specificity, although it is nec-
essary to investigate whether these records constitute abortive
infections or not. Other lineages clustered with P. elongatum
and P. unalis and two others emerged as a sister group to
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Fig.2 Plasmodium species found in ruby-crowned tanager and delimited by the MPTP method. Lineages of the present study are highlighted in bold and
only the morphospecies lineage grouped to the lineages of this study is presented
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Fig. 3 Haemoproteus species
found in ruby-crowned tanager
and delimited by the MPTP
method. Lineages of the present
study are highlighted in bold and
only the morphospecies lineage
grouped to the lineages of this
study is presented

P. cathemerium, suggesting that these species were also pres-
ent in the studied region. Recent studies have recorded

Fig. 4 Network graph
representing the orders of birds
parasitized by the haemosporidian
species delimited in the present
study by MPTP. Each colour
represents a species; “n”
represents the number of times
that species was recorded in
general. The numbers in
parentheses represent the number
of times each species of
haemosporidian was recorded in
each the orders of birds
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Fig. 5 Map of the geographical distribution of haemosporidian species delimited in the present study by MPTP

Additionally, P. elongatum was recorded in species in the
Anatidae and Phasianidae families from the Sao Paulo Zoo,
which is located within the Atlantic Forest (Chagas et al.
2017). Furthermore, Lacorte et al. (2013) presented evidence
for the presence of P. elongatum lineages in Turdus sp. from
the Atlantic Forest. P. cathemerium was recorded in penguins
from Bahia, Espirito Santo and Santa Catarina rehabilitation

centers (Vanstreels et al. 2015); however, there are no records
of P. cathemerium in endemic wild bird of Brazil.

The two Haemoproteus lineages formed clade 8, which
had the H. ilanpapernai as a sister group. This parasite was
described in a bird species found in Southeast Asia (Karadjian
etal. 2014). However, it was previously identified as H. syrnii
(Karadjian et al. 2013). Although the description of
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H. ilanpapernai has been described using molecular and mor-
phological approaches, the morphometric data have not been
not fully detailed, which suggests the need for improvements
in parasite morphology to clarify the correct taxonomic posi-
tion of this haemosporidian.

The inconsistencies in the traditional taxonomy when phy-
logenetic reconstruction was used highlight the difficulty in
identifying or delimiting avian haemosporidian species. For
example, H. sacharovi and H. turtur, traditionally classified in
the Haemoproteus subgenus, branched out into a clade with
species from the Parahaemoproteus subgenus. These species
have appeared in clades with Parahaemoproteus in several
phylogenies of avian haemosporidians (Martinsen et al.
2008; Santiago-Alarcon et al. 2010; Valkitinas et al. 2010a;
Krizanauskiené et al. 2013). Plasmodium emerged as a mono-
phyletic group, but the phylogenetic position of the subgenus
disagreed with traditional classification. Plasmodium tejerai,
P. matutinum and P. lutzi species, of the subgenus
Haemamoeba, were grouped far from the other representative
species of this group. A similar result was detected in the
molecular description of P. matutinum, which showed a close
phylogenetic relationship with P. fejerai, but a distant relation-
ship with other Haemamoeba species (Valkitinas et al. 2017).
Incongruities were also observed in P. megaglobularis, which
is classified morphologically as a representative of the subge-
nus Novyella; however, its sequence clustered with represen-
tatives of the subgenus Haemamoeba. This disagreement was
also found in the original description of the species (Valkitinas
et al. 2008b), contradicting the division of the Plasmodium
subgenus, which was based on traditional taxonomy from
morphological characters. Thus, phylogenetic analyses based
on the cyt b gene for molecular identification at genus and
subgenus level of haemosporidian blood parasites should be
applied with caution.

Previous studies recommend that simultaneous analysis
of DNA sequences and morphological characteristics should
be performed to identify and classify avian haemosporidians
(Clark et al. 2014; Braga et al. 2011; Outlaw and Ricklefs
2014; Valkitunas and Iezhova 2018; Valkitinas et al. 2010b).
However, in wildlife, the identification of these parasites at
the species level is a difficult task. This occurs mainly be-
cause of the presence of mild infections that are very com-
mon in wild animals and may be a consequence of bird
sampling methods (e.g. mist netting), wherein the healthy
individuals who move actively even with low parasitemia
are most often captured (Valkilinas 2005; Dimitrov et al.
2014). In addition to morphological and molecular ap-
proaches, important issues related to “limits of species,”
such as the need for trained parasitologists, improvements
in the method of specifying lineages in molecular databases,
and development of criteria for defining species, have been
discussed by experts (Perkins et al. 2011; Littlewood 2012;
Outlaw and Ricklefs 2014).
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Criteria for delimiting species of avian haemosporidian
have been suggested, and include an agreement between
multi-locus sequence data (Falk et al. 2011) and absolute
levels of sequence divergence (Bensch et al. 2004;
Valkitnas et al. 2009a). However, the major challenge for
researchers interested in haemosporidian systematics is the
development of genetic markers (Perkins 2014). The lack of
new genetic markers makes it difficult to work with multigene
phylogenies. Absolute values of genetic divergence were pro-
posed as a method for species delimitation (Hellgren et al.
2007; Valkitnas et al. 2009a, 2009b; Outlaw and Ricklefs
2014); however, because of the limited understanding of
mtDNA gene evolution rates, little is known about how to
interpret the divergence between lineages using this approach
(Pacheco et al. 2017). Studies have shown there are changes in
species limits when comparing the nuclear and mitochondrial
genomes. Small nucleotide substitutions in mitochondrial and
nuclear genes have recovered different patterns of diversity
(Nilsson et al. 2016; Galen et al. 2018).

The use of integrated analyses with the application of
multi-locus delimitation methods has been considered a prom-
ising tool in the search for diversity and parasitic evolution
(Galen et al. 2018). While new specific genetic markers are
not yet developed, haemosporidian lineages based on the anal-
ysis of the cyt b gene are being added in the GenBank and
MalAvi databases at a high rate (Bensch et al. 2009; Perkins
2014), making this gene a useful tool to define species, oper-
ational taxonomic units, or evolutionary significant units
(ESUs) for this group of parasites (Outlaw and Ricklefs
2014). Barcode methods are of particular importance for
large-scale research and promotes rapid species discovery
and biodiversity estimates (Hofmann et al. 2019).
Additionally, they are computationally less demanding and
present better performance with a large amount of data, as is
the case in the present work. Thus, the use of computational
methods for species delimitation may be an adequate alterna-
tive to handle the large volume of deposited sequences within
databases, where most of the sequences are identified only at
the genus level.

Herein, two coalescent species delimitation methods were
applied and their performance was analyzed to infer limits of
species in haemosporidian lineages from a species of bird in
Brazil’s Atlantic Forest. The MPTP method was congruent
with the traditional taxonomy when delimiting ESUs contain-
ing only one Plasmodium morphospecies: P. cathemerium,
P. nucleophilum, P. unalis and P. elongatum. The other three
ESUs containing Plasmodium lineages in T. coronatus which
did not cluster with lineages of morphologically known spe-
cies suggest that new haemosporidian species are circulating
in the bird population. Thus, conducting a thorough research
study is important to uncover the diversity of haemoparasites
that may be widespread in the region. When clustering differ-
ent morphospecies into a single ESU, the MPTP method acted
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as a “lumper delimiter” (which defines the species broadly,
grouping more than one taxonomically defined species under
a single name). The clustering of Haemoproteus lineages in
the same ESU with nine different morphospecies lineages
shows the great difficulty of delimiting species in this group,
where genetic divergence between species is minimal. In
cases like this, computational methods for delimiting species
may be insufficient, requiring greater gene sampling and the
use of multigene analysis to infer the species limits for this
group. Additionally, the MPTP identified a high frequency of
lineages that were not previously identified because it grouped
these lineages into clades containing morphospecies already
deposited in the database.

The PTP method, in turn, proved to be a splitter for
Plasmodium and Haemoproteus lineages, overestimating the
diversity in both datasets. In the latter, the two lineages ob-
tained from 7. coronatus that formed a single ESU with nine
other morphospecies using the MPTP methods, formed a sin-
gle ESU without the grouping of any lineage. These results
suggest that the computational species delimitation method
used for the genus Plasmodium will not always be the best
method to use for Haemoproteus genus. We observed that in
this study MPTP presented better results for Plasmodium lin-
eages than did PTP, especially if we considered the diversity
previously estimated for the group. Regarding Haemoproteus,
for example, 66 morphospecies are currently deposited in the
MalAvi database, and fusing the PTP method, the diversity of
this group consisted of 456 lineages, which suggests an esti-
mate that is far from reality.

The MPTP method presented a more accurate performance
in delimiting species limits for a dataset with the chosen mo-
lecular marker (cyth), presenting a low frequency of splitter
and lumper profiles. Although the MPTP method was a
lumper in relation to the current taxonomy, it allowed the
identification of at least eight haemosporidian species in
T. coronatus. Importantly, these methods support species de-
limitation in the current taxonomy but do not replace classical
taxonomy based on morphological characteristics. In cases
that the morphological classification is inadequate, the use of
these methods is an alternative. According to Carstens et al.
(2013), a conservative position must be taken when inferring
species in delimitation studies, because in most scenarios, it is
better not to delimit species than to falsely create entities,
placing excessive limits on biodiversity. Furthermore, espe-
cially for Plasmodium lineages, the MPTP method was shown
to have reliable results, with the number of delimited species
close to the total number of taxonomic species in studies of
diversity and conservation (Blair and Bryson Jr 2017; Correa
et al. 2017; Kapli et al. 2017).

In this context, the distribution of these possible species in
avian hosts worldwide was estimated in this study using the
MPTP results, because it was the method that produced more
realistic results regarding the number of morphospecies

described in the literature and did not group many morpho-
species in the same clade (lumper profile). Because the PTP
proved to be more of a splitter method, it could overestimate
the diversity and make the specificity and geographic distri-
bution of the parasites less reliable, which negatively affects
the importance of the conservation of these hosts. The wide
distribution of Plasmodium spp. and Haemoproteus spp. in a
varied bird species shows a low specificity in this group of
parasites, which were traditionally considered to be highly
specific (Valkitinas 2005). These haemosporidian blood par-
asites can cause serious damage to avian hosts (Atkinson and
LaPointe 2009). In addition to blood pathologies, various or-
gans may be damaged by exoerythrocytic meronts, which
grow on reticular endothelial cells and may be present
throughout the organs of susceptible hosts (Garnham 1966;
Valkitinas 2005). Studies provide evidence that damage to
organs by common lineages of haemosporidians causes dis-
ease and even mortality (Dinhopl et al. 2015; Ilgtnas et al.
2016; Palinauskas et al. 2016). Thus, the great allocation of
haemosporidian species in 7. coronatus deserves attention,
because this bird can act as a reservoir and facilitate the trans-
mission to other bird species, which may be more sensitive to
the parasite.

Delimitation of species using computational algorithms
can be an excellent tool for the integrative taxonomy of avian
haemosporidian. It may also be valuable for the studies of
diversity and distribution, in addition to aiding in the identifi-
cation of cryptic species. A large number of cyth gene se-
quences from these parasites deposited in the databases forms
a true DNA barcode for this group of parasites. Due to the
controversies in Haemosporida classification and because
most of the sequences are not attributed to morphological
species, these methods may aid in the inference of significant
taxonomic units because they are easily applied to a wide
variety of organisms (Kapli et al. 2017). Additionally, it may
represent the only viable approach to estimating biodiversity,
which seems to be impossible to infer in macroecological
studies of wildlife. Studies suggest that methods using
single-locus barcodes provide meaningful clusters that are
closest to taxonomically recognized species. These methods
are useful for studies that approximate species estimation or
when more thorough systematic research is practically impos-
sible (Monaghan et al. 2009; Esselstyn et al. 2012;
Ratnasingham and Hebert 2013; Kapli et al. 2017). It is worth
noting that single-locus methods have been used for other
groups as a primary method for inferring species limits and
require refinement of the methods using an multi-locus ap-
proach (Leria et al. 2020). Thus, it is extremely important to
sequence more markers for a large number of lineages in
Haemosporida.

In this study, the haemosporidian diversity in an endemic
bird of South America and the distribution of the supposed
species found in this bird were estimated, as well as in other
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birds worldwide. Although the method used was a lumper, a
high level of diversity was detected. Although the
T. coronatus was the specific case, these results should not
be neglected because this parasitological scenario may be oc-
curring throughout the Atlantic Forest. Thus, studies that com-
pare methods of computational delimitation could help to im-
prove the results and bring to new perspectives to the integra-
tive taxonomy of haemosporidian parasites, which is of great
importance for the implementation of conservation programs.
Furthermore, delimiting species of avian malaria parasites is
important to associate with ecological and macroevolutionary
processes (Outlaw and Ricklefs 2014). More studies that ex-
plore the diversification dynamics of avian haemosporidians
would be useful to better understand the biological process of
this group.
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