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Abstract

Hemosporidian parasites rarely infect aquatic birds. Few studies have been conducted in South America identifying some
lineages of the genera Plasmodium, Leucocytozoon, and Haemoproteus, but none has been done in the Neotropic cormorant
(Phalacrocorax brasilianus). This species is widely distributed through the American continent, from Southern USA to Tierra del
Fuego, using a wide range of aquatic habitats. We molecularly studied the occurrence and diversity of hemosporidian lineages
infecting individuals of Neotropic cormorant across a broad latitudinal gradient in Chile (Arica to Tierra del Fuego). As expected,
a very low occurrence of individuals infected by Plasmodium sp. (4/123, 3.3%) and Leucocytozoon sp. (2/123, 1.6%) was
detected. We found no evidence of Haemoproteus sp. We identified one lineage of Plasmodium (ZEMACO1) and one new
lineage of Leucocytozoon (PHABRAO1) infecting cormorants. Individuals infected by Plasmodium sp. were birds from only one
site (i.e., Chillan), whereas Leucocytozoon sp. was found in one bird from Valdivia and another one from Tierra del Fuego. Our
results expand the known range of hemosporidian parasite lineages in aquatic birds providing an essential baseline data that
contribute to a better understanding of the geographic range of hemosporidian parasites infecting Phalacrocoracidae in South

America.
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Introduction

Avian hemosporidians are vector-transmitted protozoans that
infect most of bird species (Bennett et al. 1993, 1994,
Valkiunas 2005) and have the potential to cause disease, cause
a reduction of the reproductive success and, ultimately, pre-
mature death (Atkinson et al. 2000; Dawson and Bortolotti
2000; Merino et al. 2000; LaPointe et al. 2005; Asghar et al.
2015). Over the past decades, there has been a significant
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increase in the number of studies identifying hemosporidians
infecting wild birds with the description of more than 1300
lineages of over 200 species among 4,000 bird species inves-
tigated worldwide (Valkiunas 2005; Clark et al. 2014; Marzal
2012). The recent use of DNA amplification has provided a
higher sensitivity for hemoparasite detection than microscopy
alone (Garamszegi 2010), allowing more accurate studies on
parasite diversity, host specificity, and geographic distribution
(Bensch et al. 2000; Pérez-Rodriguez et al. 2013; Soares et al.
2016).

Hemosporidian infections vary significantly among bird
orders (Bennett et al. 1993; Bennett et al. 1994; Valkiunas
2005). Interestingly, some avian groups, such as aquatic birds
using saline environments, are reported to be rarely infected
(Peirce and Brooke 1993; Merino et al. 1997; Piersma 1997,
Merino and Minguez 1998; Figuerola 1999; Engstrom et al.
2000; Jovani et al. 2001; Quillfeldt et al. 2010; Soares et al.
2016). This interspecific variation has been hypothesized to be
related to host immunological competence, parasite-host spec-
ificity, and the lack of appropriate vectors (Piersma 1997,
Figuerola 1999; Martinez-Abrain et al. 2004), although latitu-
dinal gradients have a strong influence on avian and vector
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diversity which may have an impact in the parasite diversity
(Clark et al. 2014; Quillfeldt et al. 2010).

Few studies have been conducted in Chile to identify
avian hematozoa and their lineage diversity (Forrester
et al. 1977; Forrester et al. 2001; Merino et al. 2008;
Martinez et al. 2009; Martinez et al. 2015; Sallaberry-
Pincheira et al. 2015), and not much has been done in
aquatic birds (but see Sallaberry-Pincheira et al. 2015).
The Neotropic cormorant, Phalacrocorax brasilianus
(Fam. Phalacrocoracidae, O. Suliformes), is one of the
most numerous and widespread cormorant species of the
American continent. This species is distributed from Texas
in the USA to Tierra del Fuego in South America using
areas of fresh, brackish, and salt water from the sea level
up to 5000 m of altitude in the Andes (Stotz et al. 1996)
and an overall population estimated in 2,000,000 individ-
uals (BirdLife International 2016). The Neotropic cormo-
rant breeds during the austral spring in late-September to
mid-December. Birds tend to form large colonies that may
vary from few dozens to several thousand (e.g., ca. 7000)
breeding pairs (Kalmbach et al. 2001; Quintana et al.
2002) which occasionally share with other bird species
such as gulls, terns, egrets, herons, and other cormorant
species (Yorio et al. 1994; Quintana et al. 2002). The
nesting is usually with sticks placed mostly on the tops
of trees and bushes, but also cliffs and rocks, of inland
wetlands, rivers, lakes, and marine shores (Kalmbach
et al. 2001; Quintana et al. 2002). This species can shift
the diet composition and feeding behavior according to
temporal or local changes in the environment revealing a
high ecological plasticity (Barquete et al. 2008). However,
the Neotropic cormorant is mostly sedentary throughout its
breeding range, using almost invariably the same foraging
areas closest to the colonies or roosting areas in both ma-
rine and freshwater environments (Casaux et al. 2009;
Quintana et al. 2002). In Chile, P. brasilianus is one the
most abundant aquatic birds, which breeds all along the
Chilean coast and inland freshwaters and roosts in areas
highly associated with humans. As with other cormorant
species elsewhere (e.g., Frederiksen et al. 2001), this spe-
cies is considered a pest due to damaging effects of feces
on buildings and public lighting. Neotropic cormorants are
exposed to a diverse range of micro- and macro-parasites
such as feather lice, ticks (Sepulveda et al. 1997;
Gonzéalez-Acunia and Guglielmone 2005), nematodes and
acanthocephalans (Torres et al. 1991, 1993, 2000, 2005),
and several viruses (Verdugo et al. 2019). The present
study aimed to molecularly determine the occurrence of
hemosporidian lineages from the genera Plasmodium,
Haemoproteus, and Leucocytozoon in individuals of
Neotropic cormorant at different stages of their life cycle
(i.e., fledgling, juveniles, and adults) using different habi-
tats in a wide latitudinal gradient.
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Materials and methods
Sample collection

Blood samples (1 ml) were collected from 123 Neotropic cor-
morants (Phalacrocorax brasilianus) (1.384 kg mean weight)
and preserved in 2-ml tubes with 96% ethanol for further
analysis. Samples were obtained from different latitudes in
Chile from 2015 to 2017 (Fig. 1): from surrounding areas of
Arica (n=17), Nuble river (Chillan, n=48), Cruces and
Valdivia rivers (Valdivia, n=159), and Karukinka (Tierra del
Fuego, n=9). Blood samples of live animals were collected
from the right jugular vein, whereas blood from dead animals
was collected from the heart immediately after individuals
were shot by hunters during hunting season or population
control management. Arica (18°2824.1"S; 70°18'59.5"W) is
the northernmost city located on the coast next to the border
with Peru. This city is known as one of the driest inhabited
places on earth featuring a mild desert climate (Cereceda et al.
2008), with an annual mean temperature variation and precip-
itation of 15.5t0 26.9 °C and 0 to 3.4 mm, respectively. Here,
the Neotropic cormorant is considered a pest species by the
Chilean law (N° 19.473, article 6°, Servicio Agricola y
Ganadero), and an eradication program has been implemented
to control the urban population. Samples from Arica were
obtained from adult birds hunted in October of 2015.
Samples from Chillan were collected at the Nuble river
(36°32'58.8"S; 72°05'00.4"W; 125 m.a.s.l.) in adult and juve-
nile birds during the months of April and May 2016 by
hunters during the hunting season (April to August). This area
is located in Central Chile and is characterized by a dry
Mediterranean climate, sclerophyllous vegetative elements,
and an annual mean temperature and precipitation variation
of 4.4 to 29.1 °C and 884 to 982 mm, respectively. Samples
from Valdivia were obtained in two places: 29 adult individ-
uals sampled by hunters along the Valdivia river (39°51'42.9"
S; 73°17'26.2"W) during the months of April-August of
2016, and 30 fledgling individuals swimming nearby a breed-
ing colony in the Cruces river (39°4129.5"S; 73°11'34.9"W;
5 m.a.s.l.), during January and February 2016. The Cruces and
Valdivia rivers (Valdivia) correspond to a 6000-ha wetland
and marshlands system in Southern Chile. Jiménez (2001)
estimated around 1000 P. brasilianus breeding pairs in the
entire area, although we estimated 150 breeding pairs in the
colony when sampled. The region is characterized by a tem-
perate rainy climate with the Mediterranean and oceanic in-
fluences with an annual mean temperature and precipitation
variation 0f 3.3 t0 25.3 °C and 1618 to 1925 mm, respectively,
allowing a particular evergreen rainforest type of vegetation.
Birds from Tierra del Fuego Island, the southernmost area of
Chile, were fledglings captured by hand in a colony in the
Karukinka reserve (54°11'43.9"S; 68°44'1"W; 150 m.a.s.l.)
during December 2017. This reserve corresponds to a
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Fig. 1 a Map of the distribution
of Phalacrocorax brasilianus in
America (gray). b Sample sites
and number of infected host
individuals in Chile. The size of
each circle is proportional to the
sample size for each location. AR
— Arica, CH — Chillan, VA —
Valdivia, Ka — Karukinka.
Plasmodium sp. is represented in
red and Leucocytozoon sp. in
blue. For further environmental
and capture details, please refer to
text

300,000-ha private, protected area in Tierra del Fuego. This
area is characterized by an Andean Patagonia forest dominat-
ed by Nothofagus pumilio which is used by introduced bea-
vers to build dams in small creeks, presenting an annual mean
temperature and precipitation variation of —1 to 13 °C and
281 to 640 mm, respectively. Breeding colonies are scarce in
the area, and this colony represents the only known to Tierra
del Fuego. At the time of sampling, there were only six breed-
ing pairs and 13 fledglings.

DNA extraction and molecular detection
of hemosporidians

Genomic DNA was extracted from blood samples using the
EZNA™ Blood DNA Mini Kit (Omega Bio-tek, Norcross,
GA, USA). For each sample, a 350-bp segment of the cyto-
chrome b (cytb) gene was amplified using universal primers
PALU-F and PALU-R (Martinez et al. 2009) for detecting
Plasmodium and Haemoproteus species, and Leunew 1F and
LDRd (Merino et al. 2008; Martinez et al. 2015) for
Leucocytozoon species. The cytb gene has several conserved
regions between polymorphic sections of DNA which makes
it suitable for detection and identification of hemosporidian
lineages (Waldenstrom et al. 2004). Amplicons obtained from
these primers had a 68% of query cover with sequences

AR (0/7)

CH (4/48)

VA (1/59)

KA (1/9) 4

obtained with primers used in the MalAvi database (Bensch
et al. 2009). The PCR conditions started with an initial dena-
turation of 94 °C for 5 min followed by 30 cycles of 95 °C for
30 s, 54°/58 °C for Plasmodium/Haemoproteus and
Leucocytozoon, respectively, for 30 s, and 72 °C for 30 s,
and a final extension of 72 °C for 2 min. The PCR products
from the individual positive samples were purified (QIAquick
PCR Product Purification kit, QTAGEN, Hilden, Germany)
and sequenced in both directions using an ABI 3730XL
Genetic Analyzer (AustralOmics, Universidad Austral de
Chile, Valdivia, Chile). Sequences were edited and assembled
in Geneious 9.1.8 (Biomatters Ltd.). All sequences obtained
were submitted to GenBank. All individuals were molecularly
sexed (following Rodrigues et al. in press), and a x* test was
used to evaluate differences on the overall infection rate ac-
cording to sex, age (i.e., fledgling, juvenile, adult), geographic
location (i.e., Arica, Chillan, Valdivia, Karukinka), and sam-
pling year (i.e., 2015-2017).

Phylogenetic analysis
A midpoint rooting phylogenetic tree (following Outlaw and
Ricklefs 2011) was inferred using a dataset with previously

published sequences of hemosporidians of the genera
Plasmodium, Haemoproteus, and Leucocytozoon available
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from MalAvi database and Genbank (Table A1). These se-
quences were chosen based in the diversity of hemosporidian
studies in Suliformes and in studies across Chile (Merino et al.
2008; Quillfeldt et al. 2011; Martinez et al. 2015; Seimon et al.
2016). The nucleotide substitution model (GTR+I+G) was
selected in jModeltest 2.1.7 (Darriba et al. 2012). A
Bayesian phylogenetic analysis was inferred using MrBayes
3.2.2 (Ronquist et al. 2012) after 10 million generations in two
simultaneous Markov Chain Monte Carlo simulation runs.

Results

Of the 123 cormorants, 58 were females and 59 males (six
individuals did not amplify correctly), 61 non-breeding adults,
24 juveniles, and 38 fledglings. Six of the 123 (overall mean
0.049, 95% C.I.=0.021-0.104) cormorants sampled on this
study were positive for hemosporidian infections of the genera
Plasmodium (n =4) and Leucocytozoon (n = 2). Three females
(two adults and one juvenile) and one adult male from Chillan
were positive to Plasmodium sp., whereas an adult male from
Valdivia and a fledgling female from Karukinka were positive
to Leucocytozoon sp. Haemoproteus sp. was not detected in
any sample. There were no differences on the overall infection
rate among individuals of different sex (X2 =0.74,df=1,p=
0.38), age (x> =0.84, df=2, p=0.65), geographic location
(x> =3.63, df=3, p=0.3), or sampling year (y*>=2.07, df=
2, p=0.35). However, Plasmodium sp. was present only in
Chillan area (4/48), whereas Leucocytozoon sp. was present in
Valdivia (1/59) and Karukinka (1/9) areas. All samples from
Arica were negative (Fig. 1).

All four Plasmodium sequences showed 100% identity (ac-
cession number MG835709) and were identified as a
ZEMACOLI lineage, a cosmopolitan lineage found in several
bird host orders (Perkins and Schall 2002; Beadell et al. 2004;
Ishtiaq et al. 2007; Martinsen et al. 2008; Ham-Duenas et al.
2017) (Fig. 2). The two Leucocytozoon sequences were recov-
ered from an adult male cormorant in Valdivia river and a
juvenile female in Karukinka. Both sequences showed 100%
identity (accession number MG835710) to each other but did
not match any known sequence in the database. Thus, we
submitted this haplotype to the MalAvi database as a new
lineage: PHABRAO1 (Fig. 2).

Discussion

This study represents the first reporting of the occurrence of
hemosporidians infecting individuals of Phalacrocorax
brasilianus (Fam. Phalacrocoricidae, O. Suliformes) despite
its wide distribution across the American continent. Across a
latitudinal gradient and different stages of their life cycle, we
found a low occurrence (4.9%) of hemosporidians in the
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Neotropic cormorant, similar to other aquatic birds on which
hemosporidian infections are rarely detected (Valkiunas 2005;
Soares et al. 2016; Campioni et al. 2018). Further, several
studies have reported no infection at all by either
Plasmodium, Haemoproteus, and/or Leucocytozoon in birds
of the order Suliformes (Levin et al. 2014; Quillfeldt et al.
2014; Lee-Cruz et al. 2016; Adlard et al. 2004) and, in partic-
ular, cormorants (Jovani et al. 2001; Quillfeldt et al. 2010;
Chagas et al. 2016; Inumaru et al. 2017). The scarcity of
hemosporidian infections in aquatic birds has been related to
intrinsic and extrinsic factors including the immunological
capacity of the host, the host-parasite assemblage, and envi-
ronmental filters such as the absence of appropriate vectors,
lack of suitable vectors, type of nests, and duration of the
nestling period (Jovani et al. 2001; Valera et al. 2003;
Martinez-Abrain et al. 2004; Valkiunas 2005; Arriero and
Moller 2008; Quillfeldt et al. 2011; Campioni et al. 2018).
We were unable to detect differences in the infection rates
between host sex, age, year, and location, although the number
of infected individuals was too small for further analyses. Sex
differences in parasitic infections are well documented in a
wide range of host taxa due to ecological and physiological
factors, such as behavior, morphology, hormones, and immu-
nocompetence (Zuk and McKean 1996). In the same way, age
has been implicated as the primary factor explaining the var-
iability of infection to hemoparasites as a time-dependent ex-
posure to vectors (Arriero and Moller 2008). For instance,
adults could have higher probability of infection by a cumu-
lative exposure (Mendes et al. 2005), although fledglings
could have higher intensity of infection due to yet restricted
immunological competence (Apanius 1998; Knowles et al.
2010) and higher exposure to vectors during the nestling pe-
riod (Merino and Potti 1995). Nevertheless, we did not find
differences in the infection rate across animals at a different
stage of their life cycle. The variation on the infection of
hemosporidians in cormorants, thus, is likely to be dependent
on the opportunistic exposure of hosts to the parasites, accord-
ing to the availability and habitat preferences of vectors.
Although the overall occurrence of infection did not change
across sampling locations, there was a clear geographic pattern
of hemosporidian infections. Plasmodium sp. was found only in
the Chillan area, while Leucocyfozoon sp. was present in
Valdivia and Karukinka areas. The vectors of Plasmodium are
known to be mosquitoes of the Culicidae family, whereas the
vectors of Leucocytozoon are dipterans of the Simuliidae fam-
ily, and for Haemoproteus are biting midges and louse flies of
the Ceratopogonidae and Hippoboscidae families, respectively
(Valkiunas 2005; Atkinson 2008). The Culicidae larvae are
aquatic, developing mainly in standing water that is sheltered
from the wind, such as temporary pools, discarded containers,
saltmarshes, and pounds (Adler et al. 2004; Manimegalai and
Sukanya 2014). In Chile, 13 species of Culicidae grouped in
two subfamilies and four genera have been described, but none
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of them was registered in the southern regions of Chile
(Gonzélez et al. 2005), which could explain the absence in P.
brasilianus in Valdivia and Karukinka. The Simuliidae larvae
develop in running water of all types, from the smallest leaks
and streams to the largest rivers and waterfalls (Currie and
Adler 2008). Seven genera and more than 40 species of
Simuliidac have been found throughout Chile (Henry 1993).
Seven are inhabitants of southern South America and are char-
acterized by their high degree of endemism (Coscarén and
Coscaron-Arias 1995), as also are Simulium (Pternaspatha)
and Simulium “blancasi group” both in the Simuliini tribe.
Further studies are needed to evaluate the potential roles of
these dipterans as vectors of Leucocytozoon in Southern
South America. Finally, Ceratopogonidae biting midges and
Hippoboscidae louse flies, recognized vectors of
Haemoproteus, are widely distributed in Chile (Cazorla and
Spinelli 2007; Fuentes-Castillo et al. 2016). However, we have
been unable to detect exposure of Neotropic cormorants to
Haemoproteus. There is evidence of two lousefly, Olfersia
sordida and Icosta nigra, parasitizing flightless cormorants
Phalacrocorax harrisi (Whiteman et al. 2006; Levin and

Parker 2013) with the potential of transmitting hemosporidians
to avian hosts. Thus, more research is indeed required to iden-
tify and understand the potential roles of local species of
Culicidae, Simuliidae, Ceratopogonidae, and Hippoboscidae
families as hemosporidian vectors.

We identified four individuals positive for Plasmodium sp.,
all from Chillan area. Previous studies have reported the pres-
ence of Plasmodium infecting bird species of the order
Suliformes, consistent with the fact that this hemosporidian
genus is considered a generalist parasite with a broad host
range (Valkiunas 2005). For instance, Plasmodium has been
reported in great frigatebirds (Bastien et al. 2014), cape gan-
nets (Morus capensis), red-footed boobies (Sula sula)
(Parsons et al. 2010), and, in particular, cormorant species,
such as bank cormorant (P. neglectus), cape cormorant (P.
capensis), white-breasted cormorant (P. lucidus), and crowned
cormorant (Microcarbo coronatus) (Parsons et al. 2017), all
from wildlife rehabilitation centers. Interestingly, wild great
cormorants (P. carbo), which is also a widespread cormorant
species as the Neotropic cormorant, harbored three different
lineages of Plasmodium sp. (Seimon et al. 2016). The lineage
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identified in Neotropic cormorant was 100% identical to the
ZEMACO!1 lineage, previously found in common iora
(Aegithina tiphia) in Birmania (EF380133), red munia
(Estrilda amandava) in India (EF380152), black-throated
sparrow (Amphispiza bilineata) in Mexico (KX811227), and
yellow-spotted honeyeater (Meliphaga notata) in Australia
(AY714207) (Beadell et al. 2004; Ham-Duenas et al. 2017,
Ishtiaq et al. 2007). This may be indicative of the cosmopol-
itan feeding habits of the vector because generalist feeders,
such as mosquitoes, could systematically introduce several
Plasmodium lineages into various hosts (Waldenstrom et al.
2002). Alternatively, the same lineage may be transmitted by
different mosquito species in different areas generating multi-
vector-parasite assemblages (Ferraguti et al. 2013).

We detected two individuals positive for Leucocytozoon sp.,
an adult male from Valdivia and a fledgling female from
Karukinka. Leucocytozoon has been reported in several species
of cormorants worldwide. For instance, Leucocytozoon
vandenbrandeni was reported infecting Australian little-pied
cormorant (Phalacrocorax melanoleucos) in South Africa
(Mackerras and Mackerras 1960), and erythrocytic gametocytes
of Leucocytozoon ugwidi were found in cape cormorants,
crowned cormorants, and reed cormorants (Microcarbo
africanus) (Parsons et al. 2010; Parsons et al. 2017). Two line-
ages were recovered from great cormorant from Mongolia, the
TUSWO04 found in tundra swans and a PHACARO2 found only
in great cormorants (Seimon et al. 2016). The two individuals
from our study were infected by the same lineage of
Leucocytozoon sp. although they were located almost
1800 km apart. If the low occurrence of Leucocytozoon sp. in
P. brasilianus and the phylogenetic distance to the lineage in-
fecting P. carbo are taken into consideration, the new lineage
detected in this study could be the result of a recent host-
switching followed by a co-evolution process (see Ricklefs
et al. 2004). Otherwise, this lineage may be present in other
cormorant species, probably from species of the same family
that are present in South America, since most species of
Leucocytozoon are family specific (Peirce 2005). Further re-
search in other cormorant species will be necessary to determine
whether P. brasilianus is the sole host of this Leucocytozoon
lineage or if there are other possible host species.

Haemoproteus has been largely described infecting
frigatebirds: H. iwa found in the Pacific, Atlantic, and Indian
oceans (Quillfeldt et al. 2011; Levin et al. 2011; Bastien et al.
2014) and H. valkiunasi found in Eastern Indian Ocean
(Merino et al. 2012). Blue-footed and red-footed boobies from
the Galapagos Islands have also been reported to be infected
by Haemoproteus (Padilla et al. 2006; Lee-Cruz et al. 2016).
Unlike Plasmodium lineages, Haemoproteus lineages have
been suggested to be largely constrained by the phylogenetic
relationship of their hosts where evolutionarily stable jumps
between host families are likely to be rare (Beadell et al.
2004). However, this narrow host-affinity could not be the
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rule, since Moens et al. (2016) find that hummingbirds act
as the reservoir of Haemoproteus for several other Andean
bird species. Further, Seimon et al. (2016) reported one line-
age of Haemoproteus (ANSINDO1) in great cormorant. The
same lineage was also found infecting bar-headed goose and
ruddy shelduck from the same study inferring that this lineage
is shared among sympatric avian host species if compatible
vectors are present. Jovani et al. (2001) found no evidence of
infection in several birds from the Phalacrocoracidae family
and other marine birds from colonies located in the coastline
of Argentina, arguing the lack of suitable vectors in the area.
Although Haemoproteus has been reported in several passer-
ine birds from a wide latitudinal range in Chile (see Merino
etal. 2008), the only previous study performed in marine birds
(i.e., Humboldt and Magellanic penguins) in Chile reported
absence of infection (Sallaberry-Pincheira et al. 2015). Thus,
it is unclear whether the infection by Haemoproteus is restrict-
ed by the availability of vectors in marine environments, even
though most of the cormorants sampled in our study were
from freshwater.

A pitfall of this study that may also explain the low occur-
rence of hemosporidians was the opportunistic sampling we
have applied as an approach. Although we did not find signif-
icant differences on the infection rates among sex, age, loca-
tion, or year, the sampling method did not allow us to obtain
larger numbers of individuals, particularly from Arica and
Tierra del Fuego. Future studies should consider a higher sam-
pling effort along the species distribution but also in sympatric
species. Nonetheless, our results expand the known range of
hemosporidian parasite lineages in aquatic birds which are
often negative to the infection by hemosporidians and provide
important baseline data that contribute to a better understand-
ing of the geographic range and types of hemosporidian par-
asites that infect Phalacrocoracidae birds in South America.
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