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Avian malaria in birds from Atlantic
Rainforest: a record of Plasmodium
cathemerium and other novel lineages
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Abstract: Parasitic diseases, like avian malaria, play a relevant impact on wild avifauna
around the world, putting a threat to biodiversity, principally in endemic zones. For this
research, we collected 171 blood samples from 21 wild bird species in different locations
within Atlantic Rainforest, a global avian endemism center. These samples were analyzed
using a morphological, molecular, and phylogenetic approach. Our findings reveal the
presence of Plasmodium cathemerium, a widespread and pathogenic parasite species in
bird hosts. Furthermore, we recovered another 4 new genetic lineages of avian malaria
parasites, enriching knowledge about these haemosporidians in the Atlantic Rainforest

and Brazil.
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INTRODUCTION

Parasitic diseases play a relevant role in
avifauna conservation, leading to the decline
of host populations and posing a threat to
global biodiversity, principally in endemic zones
(Lapointe et al. 2012). These damages can often
become irreversible, especially when associated
with naive host species not adapted to the
introduced parasitic diseases in the ecosystem
(McClure et al. 2020, Miranda-Paez et al. 2022).

The Atlantic Rainforest is a global avian
biodiversity hotspot with a high level of
endemism (Myers et al. 2000). For this biome,
approximately 23% of species are exclusive
(Pacheco et al. 2021). Despite Atlantic Rainforest
importance for maintenance of global
biodiversity, the knowledge of some emerging
diseases is poorly investigated, including avian
malaria parasites (Braga et al. 2011, Clark et al.
2014, Fecchio et al. 2019).

Birds infected by avian malaria parasites, in
more acute cases, show a great lethality potential
(Atkinson & Van Riper 1991). The presence of
parasites can also threaten biodiversity, causing
a decline in natural populations as it reduces
both the survival and reproduction of their hosts
(Altizer et al. 2007).

Recently, with climate changes, the impacts
of avian malaria draw attention (Loiseau et
al. 2013, Liao et al. 2017). Rising temperatures
contribute to the rapid life cycle of vectors
and disease transmission (Valkiunas 2005).
In addition, habitat degradation and the
introduction of new vector and parasite species
put wild bird populations at imminent risk
(Atkinson & Lapointe 2009, Miranda-Paez et al.
2022).

Thus, we have chosen to investigate the
diversity of avian malaria parasites in wild
bird populations from Atlantic Rainforest by
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combining morphology, PCR, sequencing, and
phylogenetic techniques.

MATERIAL AND METHODS

We sampled birds of the families
Dendrocolaptidae, Furnariidae, Scleruridae, and
Xenopidae (Supplementary Material - Table SI)
in Atlantic Rainforest locations in southeastern
Brazil (Table SlI, Supplementary Material - Figure
S1). The capture of birds occurred between March
2013 and December 2015 and was performed
with mist nets. After capturing birds, they were
photographed, and then the blood collection
and release. Blood was collected after local
cutaneous asepsis with 70°GL alcohol-soaked
cotton through extravasation of the blood from
the brachial vein with the sterile needle (13 x
45 mm). Blood was used immediately for the
preparation of blood smears and was also
collected in 1.5ml polypropylene microtubes
for molecular analysis. Blood smears were fixed
in methanol and already air dried and stained
in Giemsa (1:9 in distilled water). Microtubes
containing blood samples were stored at -20°
C until DNA extraction. All procedures were
approved by the Animal Use Ethics Committee
of Universidade Federal de Juiz de Fora, under
protocol number 042/2012.

For each blood sample, 100 fields were
examined to investigate the presence of blood
parasites. For morphological analysis, images of
parasites were captured in blood smears using
a camera (Olympus Evolt E-330) attached to the
microscope. Parasite characters were measured
as described in Valkiunas & lezhova (2018). The
total DNA was extracted from 20 pL of blood from
a positive bird sample in microscopic analyses
using a Wizard® Genomic DNA Purification Kit
(Promega®, Sao Paulo, Brazil) according to the
manufacturer's recommendations. Samples
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were stored in triplicate at -20° C until molecular
analysis.

Two nested PCR protocols were used
to amplify the mitochondrial cytb gene of
Plasmodium in microscopic positive samples,
accordingto Merino etal.(2008). Ultra-pure water
was used as a negative control. Plasmodium
gallinaceum genomic DNA was extracted from
cell culture and used as a positive control. PCR
products were separated by 2% agarose gel
electrophoresis, stained with Blue Green Loading
Dye | (LGC Biotechnology, Cotia, Sao Paulo, Brazil),
and visualized under ultraviolet light. Amplified
products were purified using the QIAquick®
Purification Kit (Qiagen®, Sao Paulo, Brazil),
and submitted to bidirectional sequencing with
HaemF/HaemR2, HML/HMR primers, on the
3130xL Genetic Analyzer Sequencer (Applied
Biosystems®, Carlsbad, California) following the
manufacturer’s instructions.

The phylogenetic reconstructions were
performed using a dataset containing five
Plasmodium cytb gene sequences obtained
in this study: SITGRIO1 (Genbank accession
PP158059), LEPSQUO1 (PP158060), LOCNEMO1
(PP158058), XYPFUSO1 (PP158062), LEPANGO3
(PP158061) and a dataset of all species
sequences available from the MalAvi sequence
database (Bensch et al. 2009) in June 2023.
Leucocytozoon buteonis, Leucocytozoon
fringillinarum, and Leucocytozoon quynzae were
chosen as outgroup. The sequences were aligned
in the MAFFT software (Katoh et al. 2017) with
standard options and then visually inspected.
The inference of Plasmodium phylogeny was
conducted under a Maximum Likelihood (ML)
analysis. The ML implemented in the RaxML
program (Stamatakis 2014) using the GTR +
GAMMA + | model with 4 gamma categories.
Support values of clades were evaluated using
the RaxML bootstrap self-convergence criterion
with 549 pseudo-replicates.
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RESULTS

In our results, the blood smears of 171 birds were
analyzed under light microscopy, revealing the
presence of Plasmodium parasites. Immature
forms of trophozoites were the most abundant
in blood smears. In the bird host species
Lepidocolaptes angustirostris, it was possible
to recover all evolutionary forms of the parasite
Plasmodium cathemerium (Fig. 1): trophozoites
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(Fig.1a-d),merontes(Fig.1e-h), macrogametocytes
(Fig. 1i-m), and microgametocytes (Fig. 1n-q).
The forms are identified according to keys of
Valkiunas & lezhova (2018) (Fig. 1): presenting the
characteristics: “Size of fully grown gametocytes
and erythrocytic meronts markedly exceed that
of the nuclei of infected erythrocytes”; “Roundish
or oval pigment granules predominate in
gametocytes. Elongate rod-like in form pigment

granules are absent, but single slightly elongate
W Figure 1. Plasmodium

cathemerium (lineage

LEPANGO3) from the

blood of Lepidocolaptes

angustirostris: a-d

- trofozoits; e-h

- squizontes; i-m -

macrogametocytes; n-q

- microgametocytes.

Giemsa-stained thin blood

films. Scale bar = 10pm.
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pigment granules might occur occasionally”;
and “Rod-like pigment granules are common
and might predominate in microgametocytes,
but they are less common and often do not
predominate in macrogametocytes.”.

In addition to the characterization of P.
cathemerium, another positive sample under
optical microscopy was analyzed in PCR. From
the 21 positive samples were recovered 5 new
Plasmodium cytb gene sequences named
according to MalAvi (Bensch et al. 2009) from
the hosts: Sittasomus griseicapilus (SITGRIOT),
Lepidocolaptes squamatus (LEPSQUO1),
Lochmias nematura (LOCNEMO1), Xyphocolaptes
fuscus (XYPFUSO01), and Lepidocolaptes
angustirostris (LEPANGO3).

The phylogenetic reconstruction showed
the grouping of the five new lineages obtained
in this study with parasites of the genus
Plasmodium (Fig. 2). The new lineages were
grouped into four clades: the lineage LEPANGO3
grouped with the species P. cathemerium with
a high support value (98) (Fig. 2a); The lineage
XYPFUSO1 formed a sister group well supported
with P nucleophilum (100) (Fig. 2b); The lineage
LOCNEMO1 positioned an exterior group of
the clade constituted by P nucleophilum + P.
paranucleophilum + P collidatum + Lineage
XYPFUSO1 (98) (Fig. 2b); The lineage SITGRIO1 was
positioned with clade formed by P. tejerai with
high support value (100) (Fig. 2c); and the lineage
LEPSQUO1 was grouped in a clade with species P.
lutzi and P matutinum (68) (Fig. 2d).

DISCUSSION

Currently, there are 55 valid species of
Plasmodium based on morphological data
(Valkiunas & lezhova 2018), and the MalAvi
database contains more than 1,400 cytb gene
lineages occurring in 1,500 avian host species
around the globe. The cosmopolitan nature
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of this parasite is attributed to the unspecific
relationship of Plasmodium with your hosts
(Bensch et al. 2000, Fecchio et al. 2018). Dipteran
vectors involved in the transmission of avian
malaria are invertebrate hosts (Valkiunas 2005),
with a notable emphasis on the species Culex, a
global invasive vector with a significant history of
causing damage to natural avifauna worldwide
(Harvey-Samuel et al. 2021, Chalkowski et al.
2018).

The species P. cathemerium is identified
by morphology in our study, a characterization
corroborated by the position of the genetic
lineage obtained from sample LEPANGO3
in the phylogenetic reconstruction (Fig. 2a).
Plasmodium cathemerium is a parasite species
widely used in experimental studies over
time, contributing greatly to the knowledge
of avian and human malaria (Valkiunas 2005).
Plasmodium cathemeriumisa global widespread
avian malaria agent, found in Passeriformes (Aly
et al. 2020), Galliformes (Ishtiaq et al. 2007), and
most other hosts (Valkiunas 2005). For South
America, there are records of genetic lineages
of P. cathemerium in Passeriformes in Colombia
(Pulgarin-R et al. 2019), Ecuador (Cadena-
Ortiz et al. 2019) and Argentina (Doussang et
al. 2021). In Brazil, P cathemerium had never
been characterized through morphology
data. Vanstreels et al. (2015) documented the
occurrence of genetic lineage closely related
to P. cathemerium in penguins (Spheniscus
magellanicus), showing high pathogenicity in
hosts during the rehabilitation process.

Investigating the occurrence and diversity of
Plasmodium parasites in birds in endemic areas
is crucial for understanding their ability to infect
new hosts and spread avian malaria across time
(Lapointe et al. 2012, Miranda-Paez et al. 2022).
The occurrence of widespread Plasmodium
species in Atlantic Rainforest hosts in this study
emphasizes the significant colonization and
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Figure 2. Plasmodium phylogeny inferred by maximum likelihood analysis (ML). The values colored in blue near
the nodes represent the bootstrap values. The four Plasmodium clades (a, b, c and d) with new lineages are
shaded in gray. The new lineages obtained in this study are marked with a red color. Bar represents 4 substitutions
for positions of 100 nucleotides. The images depict gametocytes from the Plasmodium cathemerium lineage

LEPANGO3.

distribution capacity of avian malaria. These
findings raise questions about the true origin of
these species: whether they are native, occurring
naturally in Atlantic Rainforest, or if they are
introduced, disseminated through natural
movements such as bird migration or anthropic
actions like the accidentalintroduction (Atkinson
et al. 2009, Lapointe et al. 2012, McClure et al.
2020). The latter scenario raises concerns about
the potential for more acute infections due to
the non-adaptation of the native host's immune
system, leading to substantial losses in avian
populations, an increased risk of biodiversity
loss (Atkinson et al. 2009, Miranda-Paez et al.
2022).

Despite the constant advance in
understanding the diversity of Plasmodium
species in birds, the understanding of the
impact of avian malaria on wild birds, although
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important, is still incipient, with most knowledge
about the pathology of the disease concentrated
in domestic bird species (Valkiunas 2005).
However, some data on wild birds have
demonstrated that such pathogens can be
devastating (Atkinson et al. 1995), and cases of
population decline and extinction of bird species
because of virulent parasite infections have
already been reported, such as the classic case
of the accidental introduction of Plasmodium
into the Hawaiian Islands (Van Riper Il et al.
1986). In this study, we recorded the presence of
P cathemerium, a species of parasite with wide
geographic distribution and great pathogenic
potential. Although no threatened bird species
was sampled, the host species sampled can
serve as a reservoir for pathogenic infections,
deserving attention regarding the conservation
of these bird populations. Furthermore, we
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recovered another 4 genetic lineages of avian
malaria parasites, enriching knowledge about
the diversity of these organisms in the Atlantic
Rainforest and South America.
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