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Abstract Plasmodium relictum (lineage pGRW4) causes ma-
laria in birds and is actively transmitted in countries with warm
climates and also temperate regions of the New World. In Eu-
rope, the lineage pGRW4 has been frequently reported in many
species of Afrotropical migrants after their arrival from winter-
ing grounds, but is rare in European resident birds. Obstacles for
transmission of this parasite in Europe have not been identified.
Culex quinquefasciatus is an effective vector of pGRW4 malar-
ia, but thismosquito is absent from temperate regions of Eurasia.
It remains unclear if the lineage pGRW4 completes sporogony
in European species of mosquitoes. Here we compare the spo-
rogonic development of P. relictum (pGRW4) in experimentally
infected mosquitoes Culex pipiens pipiens form molestus,
C. quinquefasciatus, and Ochlerotatus cantans. The pGRW4
parasite was isolated from a garden warbler Sylvia borin, multi-
plied, and used to infect laboratory-reared Culex spp. and wild-
caughtOchlerotatusmosquitoes by allowing them to take blood
meals on infected birds. The exposed females were maintained
at a mean laboratory temperature of 19 °C, which ranged be-
tween 14 °C at night and 24 °C during daytime. They were
dissected on intervals to study the development of sporogonic
stages. Only ookinetes developed in O. cantans; sporogonic
development was abortive. The parasite completed sporogony
in bothCulex species, with similar patterns of development, and
sporozoites were reported in the salivary glands 16 days after
infection. The presence of sporogonic stages of the lineage

pGRW4 in mosquitoes was confirmed by PCR-based testing
of (1) the sporozoites present in salivary glands and (2) the single
oocysts, which were obtained by laser microdissection from
infected mosquito midguts. This study shows that P. relictum
(pGRW4) completes sporogony inC. p. pipiens at relatively low
temperatures. We conclude that there are no restrictions for
spreading this bird infection in Europe from the point of view
of vector availability and temperature necessary for sporogony.
Other factors should be considered and were discussed for the
explanation of rare reports of this malaria parasite in Europe.
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Introduction

Plasmodium relictum (Haemosporida, Plasmodiidae) causes
malaria in birds and is the first in frequency of the occurrence
of avian malaria parasite reported from over 300 species of birds
at all continents, except the Antarctic (Garnham 1966; Valkiūnas
2005; Atkinson et al. 2008). Recent polymerase chain reaction
(PCR)-based studies identified two P. relictum lineages, which
are particularly and widely distributed both by hosts and geo-
graphically; these are pSGS1 and pGRW4 (Beadell et al. 2006;
Ejiri et al. 2009; Clark et al. 2014; Perkins 2014). Both parasite
lineages have been reported in birds all over the world, but areas
of their transmission are different (Marzal et al. 2011).

The lineage pSGS1 of P. relictum is cosmopolitan in trans-
mission (Bensch et al. 2009; Marzal et al. 2015) probably be-
cause numerous bird andmosquito species are susceptible to this
infection (Valkiūnas 2005; Atkinson et al. 2008). Culex pipiens
mosquitoes, which are distributed worldwide, are effective vec-
tors of this parasite (Vézilier et al. 2010; Kazlauskienė et al.
2013), and the sporogony completes at a temperature of 12–
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30 °C (Garnham 1966; Valkiūnas 2005; Žiegytė et al. 2014).
That enables transmission of the pSGS1 parasite in countries
both with warm and cold climates, for example in northern Nor-
way (Marzal et al. 2011).

Opposite to the pSGS1 parasite, the lineage pGRW4 of
P. relictum has been reported to be actively transmitted mainly
in countries with warm climates (Ricklefs et al. 2004; Beadell
et al. 2006; Bensch et al. 2009;Marzal et al. 2011; Loiseau et al.
2012). Interestingly, there are numerous reports of the pGRW4
parasite in European migrants after their arrival from African
wintering grounds, where the birds gain malaria (Bensch et al.
2007; Hellgren et al. 2007; Beadell et al. 2009), but a few
studies detected this infection in resident European birds (Ferrer
et al. 2012; Ferraguti et al. 2013; Drovetski et al. 2014), sug-
gesting a lack of active transmission in Europe. Factors preclud-
ing transmission of the pGRW4 parasite in Europe remain un-
clear. Culex quinquefasciatus is an effective vector of this par-
asite (Atkinson et al. 2008; LaPointe et al. 2010; Freed and
Cann 2013), but this insect is absent from temperate regions
of Europe where C. pipiensmosquitoes act as active vectors of
avian malaria (Vézilier et al. 2010; Kazlauskienė et al. 2013;
Cornet et al. 2013). It remains unclear if the lineage pGRW4
can complete sporogony in C. pipiens and other widespread
European mosquitoes and if that happens at relatively low tem-
peratures. The Hawaiian strain of pGRW4 parasite completed
sporogonic development inC. quinquefasciatus at constant lab-
oratory and mean field temperatures between 17 and 30 °C, but
development decreased significantly below 21 °C, with a min-
imum threshold temperature of 13 °C (LaPointe et al. 2010).

The main aim of this study was to compare sporogonic de-
velopment of P. relictum (pGRW4) in mosquitoesCulex pipiens
pipiens formmolestus andC. quinquefasciatus at a temperature,
which is close to the long-term mean air degrees reported in
European temperate regions during the warmest months of the
year. Ochlerotatus cantans, a widespread Eurasian bird-biting
mosquito, was also exposed. We isolated one strain of the line-
age pGRW4 from a naturally infected passeriform bird, infected
three species of mosquitoes with this parasite, and followed
sporogonic development in the exposed insects. The presence
of sporogonic stages of P. relictum (pGRW4) in mosquitoes was
confirmed by (1) the microscopic examination of exposed in-
sects and (2) the PCR-based testing of the salivary gland sporo-
zoites and also single oocysts, which were obtained by laser
microdissection from infected mosquito midguts.

Materials and methods

Study site, experimental birds, and P. relictum (pGRW4)
strain

The experimental research was carried out at the Biological
Station of the Zoological Institute of the Russian Academy of

Sciences on the Curonian Spit in the Baltic Sea (55° 09′N, 20°
52′ E) in May–July, 2013 and 2014. Experimental procedures
of this study were approved by the International Research Co-
operation Agreement between the Biological Station Rybachy
of the Zoological Institute of the Russian Academy of Sci-
ences and Institute of Ecology of Nature Research Centre
(25-05-2010). All efforts were made to minimize handling
time and potential suffering of birds. None of the experimental
birds suffered apparent injury during the experiments.

Nine juvenile siskinsCarduelis spinuswere caught and used
for experimental infection (three birds) and control (six birds).
The controls were used to monitor the absence of natural trans-
mission in the laboratory. All birds were kept at quarantine in a
mosquito-free room approximately for a week (adaptation pe-
riod) before the experiments. Blood was taken from the birds
by puncturing the brachial vein. About 30 μl of whole blood
was taken in heparinized microcapillaries and stored in SET
buffer (Hellgren et al. 2004) for molecular analysis. Two blood
films were prepared from each bird immediately after with-
drawal of the blood. They were air dried, fixed in absolute
methanol, and stained with Giemsa, as described by Valkiūnas
et al. (2008). Bird blood was tested for parasites on days 2 and 7
after their arrival at the laboratory. All birds were uninfected
with blood parasites, as revealed by microscopic examination
of blood films and PCR-based detection methods (see below).

We used one P. relictum (pGRW4) strain, which was isolat-
ed from a naturally infected garden warbler Sylvia borin in
May 2013. Parasitemia was light (<0.001 %) in this bird. To
multiply the strain, two juvenile siskins were exposed by intra-
muscular inoculation of approximately 50 μl of blood from the
donor bird, as described by Palinauskas et al. (2008).
Parasitemia developed in all infected siskins. These birds were
maintained in a mosquito-free aviary and were used as donors
of gametocytes to infect mosquitoes in 2014, i.e., a year after
the initial exposure of the birds. Infected blood of these siskins
also was used to induce a fresh infection in one siskin in 2014.
In all, three siskins infected with the same strain of P. relictum
(pGRW4) were used in this study: two birds were infected with
the first passage and one bird contained the second passage of
this parasite. To monitor parasitemia, blood for microscopic
examination and PCR-based analysis was taken each 3 or
4 days during mosquito infection experiments. Control birds
were tested at the same days. All birds were kept indoors in a
vector-free room under controlled conditions [20±1 °C, 50–
60 % relative humidity (RH), natural light-dark photoperiod
(L/D)] and were fed a standard diet for seed-eating or insectiv-
orous bird species. They survived until the end of this study.

Maintenance and experimental infection
of laboratory-reared mosquitoes

To establish a colony of C. p. pipiens f. molestus, we used the
mosquito larvae, which were obtained from Dr. Roland Kuhn.
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The colony was originally started from the larvae collected in
Hesse region (Germany). A colony of C. quinquefasciatus
mosquitoes was established using eggs provided by Dr. Ana
Rivero (France). Both mosquito colonies have been in contin-
uous culture for many years. We colonized these insects, as
described by Žiegytė et al. (2014). Briefly, mosquitoes were
kept in mosquito cages (65×65×65 cm) under standard con-
ditions (20±1 °C, 60–65 % RH, and natural L/D photoperi-
od). Adult mosquitoes were fed with 5–10 % saccharose so-
lution. Cotton wool pads moistened with this solution were
provided in mosquito cages.

Two days before exposure, approximately 30 unfed females
of each species were haphazardly chosen and placed inside sep-
arate experimental cages. To increase favor of blood feeding, the
experimental mosquitoes were deprived of saccharose. Siskins
with pGRW4 gametocytemia of approximately 0.1 % were
placed in mosquito cages and exposed, as described by
Kazlauskienė et al. (2013). Briefly, infected birds were placed
in plastic tubes (length 15 cm, diameter 5 cm) containing a rip,
whichwas used to fix the bird legs. Both tube endswere covered
with bolting silk. Only the legs were exposed to mosquito bites.
The birds were kept in insect cages for approximately 1 h once
per 3–4 days. Both mosquito species willingly took bloodmeals
on bird legs (Fig. 1a). We evaluated parasitemia in all donor
siskins immediately after mosquito blood meal on birds. Exper-
iments with C. p. pipiens and C. quinquefasciatus were carried
out in parallel. Engorged females were taken from the experi-
mental cages using an aspirator, placed in separate small insect
cages (12×12×12 cm), maintained to allow development of
parasites, and dissected in intervals (see below). All experimen-
tal mosquitoes were maintained at mean laboratory temperature
regime of 19 °C, which ranged between 14 °C at night and
24 °C during daytime. This temperature regime was chosen
because it is close to the long-termmean air temperatures, which
have been reported in the majority of temperate regions of Eu-
rope during the warmest months of a year, i.e., between mid of
June andmid of August. The data about mean air degrees during
a 30-year observation period (1980–2010) were provided by the
Physical Science Division, Earth System Research Laboratory,
NOAA, Colorado (Web site at http://www.esrl.noaa.gov/psd/).

Infected mosquitoes were kept until 18 days postinfection
(dpi). Ookinete preparations were made 1–4 dpi, oocyst

preparations 6–18 dpi, and sporozoite preparations 8–18 dpi.
In total, we infected and dissected 48 mosquitoes; among them
were 23 individuals of C. p. pipiens and 25 of
C. quinquefasciatus.

Collection, experimental infection, and maintenance
of wild-caught O. cantans

To collect engorged O. cantans females, infected siskins were
held by hand and exposed to natural mosquito bites at the
study site in the morning each day, as described by Valkiūnas
et al. (2013). Briefly, when one to two females began taking a
blood meal on a bird’s head (Fig. 1b), the head with feeding
insects was carefully placed into an unzipped insect cage. The
engorged mosquitoes fly off after the blood meal. The cage
with engorged flies was then closed using a zipper. Up to 10
mosquitoes were allowed to take blood meals on each bird.
Control mosquitoes were fed on noninfected siskins. Cages
with engorged experimental and control females were
transported to the laboratory and maintained at the same con-
ditions, as Culex mosquitoes (see above).

To control for the presence of parasites, experimental and
control insects were dissected for observation of ookinetes,
oocysts, and sporozoites, as described for Culex mosquitoes.
In total, we dissected 40 O. cantans mosquitoes; among them
were 20 experimental and 20 control insects.

Additionally, to determine the prevalence of possible natu-
ral infection with Plasmodium parasites in O. cantans mos-
quitoes, 120 unfed females were haphazardly collected using
an entomological net at the study site. They were tested by
PCR-based methods (see below).

Dissection of mosquitoes and making preparations
of ookinetes, oocysts, and sporozoites

All experimental and control mosquitoes were processed in-
dividually for microscopic and PCR-based detection of para-
sites. Before dissection, mosquitoes were lightly anesthetized
by putting them into a tube closed with a cotton pad wetted in
96 % ethanol for several minutes. Wings and legs of the in-
sects were removed before dissection, which was performed
under a binocular stereoscopic microscope. Each mosquito

Fig. 1 Experimental exposure of Culex quinquefasciatus (a) and
Ochlerotatus cantans (b) mosquitoes by allowing them to take blood
meals on the legs (a) and head (b) of malaria-infected birds. Short

simple arrows—mosquitoes taking blood meals. The bird is held by a
hand covered with a rubber glove (triangle arrowhead) and exposed to
natural mosquito bites
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body was carefully separated in three segments: the head,
thorax, and abdomen. To eliminate contamination of samples,
we either used a new dissecting needle for each dissected
insect or disinfected the needles in fire after each dissection.

Permanent preparations of the semidigested contents of the
midguts, entire midguts, and salivary glands were prepared in
order to observe ookinetes, oocysts, and sporozoites, respec-
tively. All preparations were prepared according to
Kazlauskienė et al. (2013). Remnants of salivary gland prep-
arations and thoraxes of the dissected insects were also fixed
in 96 % ethyl alcohol for PCR-based screening.

Laser microdissection of single oocysts from mosquito
midguts

Single oocysts were dissected from the midguts of experimen-
tally infected C. p. pipiens mosquitoes at 13–14 dpi. Infected
midguts were isolated from the insects’ abdomens, placed on
membrane slides (MolecularMachines and Industries), cut with
a tiny razor along the gut length, and stretched to make a thin
gut layer. The midgut preparations were air dried, fixed, and
used for the laser microdissection. The fixation was done by the
straight application of 40, 50, 70, and finally 96% ethyl alcohol
on midguts, according to traditional histology protocols. The
Olympus/MMI CellCut Plus® laser system (Molecular Ma-
chines and Industries) equipped with Predefined Target Posi-
tion software (Molecular Machines and Industries) was used to
cut off single oocysts. The parasites were readily visible on the
unstained membrane slides (Fig. 2a), and single oocysts were
captured on the silicon cap of microtubes (0.5 ml). The success
of cell capture was confirmed by microscopic examination of
the membrane slides (Fig. 2b) and tube caps. We prepared 100
tubes with single oocysts of Plasmodium parasites, isolated
DNA, and determined parasite sequence, as described below.

DNA extraction, PCR, and sequencing

PCR-based methods were used (1) to determine the presence
and identity of parasite lineages in birds, (2) to confirm the

identity of parasite lineage of sporozoites reported in salivary
glands, and (3) to confirm the identity of parasite lineage of
single oocysts dissected from midguts. We applied the same
protocols, as described by Palinauskas et al. (2010) and
Kazlauskienė et al. (2013). Briefly, we used (1) the standard
ammonium-acetate method to extract genomic DNA from
birds’ whole blood, the salivary glands, and thoraxes of mos-
quitoes and (2) the Chelex® extraction methods for DNA
extraction from single oocysts. The latter method has been
rarely applied in wildlife haemosporidian research; it is de-
scribed here in more detail. We applied 0.2 g of Chelex
suspended in 1000 μl of ddH2O and kept for 1 h in a 56 °C
water bath. The small drop of 25 μl of Chelex suspension was
attached to the wall of the tube with excised cells, which were
on the silicon cap of the tube. Then, 0.7 μl of Proteinase K
(10 mg/ml) was added to the Chelex drop and the tube was
closed, then turned upside-down, and shaken down once so
that the Chelex with Proteinase K was covering all the surface
of the cap. The tube was kept in a water bath at 56 °C for 1 h
and mixed every 20 min followed by boiling in water for
12 min to inactivate the Proteinase K. The sample was centri-
fuged briefly to recover the extraction mix at the bottom of the
tube. The silicon caps were replaced with standard caps and
the tubes were centrifuged at 12,000 rpm for 12 min. The
supernatant (about 10–15 μl) was immediately transferred
with a sterile micropipette into a new tube and was ready to
use for molecular analysis. PCR and sequencing protocols for
single oocyst DNA analysis were the same as for blood
samples.

For genetic analysis of all samples, a nested PCR protocol
was applied (Hellgren et al. 2004). We amplified a segment of
parasite mitochondrial cytochrome b gene (cyt b) using two
pairs of primers, HaemNFI and HaemNR3, which amplify
fragments of cyt b gene of haemosporidians belonging to
Haemoproteus, Plasmodium, and Leucocytozoon. For the sec-
ond PCR, we used primers HAEMF and HAEMR2, which are
specific toHaemoproteus and Plasmodium spp. (Bensch et al.
2000). All amplifications were evaluated by running 1.5 μl of
the final PCR product on a 2 % agarose gel. For sequencing,

Fig. 2 Laser microdissection of single oocysts of Plasmodium relictum
(lineage pGRW4) from midgut of exposed mosquito Culex pipiens
pipiens form molestus: a membrane slide with oocysts 13 days
postinfection and b membrane slide after dissection of one oocyst.

Short simple arrow—oocysts; long simple arrow—a hole in the
membrane after dissection of one oocyst. Ethyl alcohol fixed mosquito
midgut. Scale bar=10 μm
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we used the procedures described by Bensch et al. (2000).
One negative control (nuclease-free water) and one positive
control (P. relictum microscopy positive blood sample, in the
case of blood testing, and thoraxes of two C. p. pipiens mos-
quitoes experimentally infected with P. relictum in the case of
mosquito testing) were used per 10 samples to control for false
amplifications. No case of false amplification was found.

All positive samples were sequenced in order to determine
cyt b lineages of the detected parasites. Fragments were se-
quenced from the 5′ end with the primer HAEMF. Dye termi-
nator cycling sequencing (BigDye) was used and loaded on an
ABI PRISMTM 3100 capillary sequencing robot (Applied
Biosystems, Foster City, CA). Good quality sequences were
obtained; they were edited and aligned using BioEdit (Version
7.0.9.0; Hall 1999) and deposited in the PopSet database of
the USNational Center for Biotechnology Information (acces-
sions KR139675–KR139678).

Microscopic examination of blood and vector
preparations and parasite morphology

An Olympus BX43 light microscope equipped with Olympus
SZX2-FOF digital camera and imaging software QCapture
Pro 6.0, Image-Pro Plus (Tokyo, Japan) was used to examine
preparations, prepare illustrations, and to take measurements.
Approximately 100–150 fields were examined in blood films
at low magnification (×400), and then at least 100 fields were
studied at high magnification (×1000). Intensity of
parasitemia was estimated as a percentage by actual counting
of the number of parasites per 1000 erythrocytes or per 10,000
erythrocytes if infections were light (<0.1 %). Malaria

parasites were identified according to Valkiūnas (2005). All
vector preparations were first examined at low magnification
(×200, ×600) and then at high magnification (×1000). The
morphometric features studied (Table 1) were those defined
by Valkiūnas (2005). The analyses were carried out using the
“Statistica 7” package. Student’s t test for independent sam-
ples was used to determine statistical significance between
mean linear parameters of parasites. A P value of 0.05 or less
was considered significant. Voucher specimens of ookinetes
(accession numbers 48866–48868 NS), oocysts (48869–
48872 NS), and sporozoites (48873–48874 NS) of P. relictum
(pGRW4) were deposited in the Institute of Ecology, Nature
Research Centre, Vilnius, Lithuania.

Results

According to both PCR-based analysis and microscopic ex-
amination of blood films, malaria parasites were absent from
all siskins prior to infection, and all negative controls
remained uninfected throughout the course of the experiment.
PCR-based detection did not reveal natural malarial infections
both in control and wild-caughtO. cantans females, indicating
that the wild-caught insects used in our experiments were
malaria free.

Parasitemia developed in all experimentally infected sis-
kins (Fig. 4a, b). Siskins with gametocyte parasitemia of ap-
proximately 0.1 % were used as donors to infect mosquitoes.
Infectivity of the first and the second parasite passages to all
mosquito species was the same. Few mature ookinetes were
observed in O. cantans (Fig. 3). Oocysts and sporozoites did

Table 1 Morphometry of
ookinetes, oocysts, and
sporozoites of Plasmodium
relictum (lineage pGRW4) in the
mosquitoes Culex pipiens pipiens
form molestus and Culex
quinquefasciatus

Feature Measurementsa

C. p. pipiens f. molestus C. quinquefasciatus

Ookinete

Length 12.8–16.5 (13.9±1.1) 13.20–16.0 (14.4±0.9)

Width 1.7–3.3 (2.3±0.5) 1.9–3.3 (2.5±0.4)

Area 17.0–36.5 (25.7±6.3) 19.8–37.4 (28.3±6.5)

Oocyst

Minimum diameter 22.9–36.7 (28.9±3.9) 22.9–48.6 (34.8±6.2)

Maximum diameter 31.5–47.3 (37.9±4.5) 30.8–51.2 (39.9±6.6)

Area 92.2–136.1 (106.9±12.9) 90.5–153.2 (119.6±18.5)

Sporozoite

Length 12.3–15.9 (13.7±1.1) 12.3–15.4 (14.1±0.9)

Width 0.8–1.1 (0.9±0.1) 0.9–1.2 (0.9±0.1)

Area 24.4–30.9 (27.3±1.9) 23.5–30.6 (27.9±1.8)

aMeasurements of ookinetes (n=13, methanol-fixed preparations at 1 day postinfection, dpi), oocysts (n=21,
formalin-fixed preparations of mature parasites at 14 dpi), and sporozoites (n=21, methanol-fixed preparations at
16 dpi) are given in micrometers. Minimum and maximum values are provided, followed in parentheses by the
arithmetic mean and standard deviation
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not develop, indicating the abortive sporogonic development
of P. relictum (pGRW4) at ookinete stage in this mosquito
species.

All experimental C. p. pipiens and C. quinquefasciatus
mosquitoes were susceptible to infection. Ookinetes, oocysts,
and sporozoites (Fig. 4c–j) were reported in both species of
insects at the same dpi. In other words, the pattern of sporo-
gonic development of this malaria strain was the same in these
mosquito species. For both mosquitoes, (1) ookinetes were
seen 1 dpi, their number markedly decreases 2 dpi, and the
parasites were not seen in the midgut 3 dpi; (2) growing oo-
cysts were numerous in the midgut 6 dpi, and they developed
markedly asynchronously; (3) mature oocysts were seen
14 dpi; and (4) sporozoites were first reported in the salivary
glands 16 dpi and were seen until the end of the experiment
(18 dpi). Thousands of sporozoites were seen in salivary gland
preparations of both mosquito species, indicating successful
sporogony (Fig. 5). Morphologically similar sporogonic
stages developed in C. p. pipiens and C. quinquefasciatus
(Fig. 4c–j). There were no morphometric differences discern-
able among mature ookinetes (Fig. 4c, d) or sporozoites
(Fig. 4i, j), which developed in different mosquito species
(Table 1, P>0.2 for all corresponding data). However, signif-
icantly larger mature oocysts (Fig. 4e–h) were seen in
C. quinquefasciatus (Table 1, P<0.01 for oocysts’ area).

PCR and sequencing confirmed the presence of the lineage
pGRW4 in samples of (1) the salivary glands with sporozoites
(Fig. 5) and (2) the single oocysts dissected from the midguts
of experimentally infected C. p. pipiens mosquitoes (Fig. 2).

Discussion

The lineage pGRW4 of P. relictum is one of the most well
known in avian malariology due to its virulence and markedly
invasive nature. This parasite was introduced to the Hawaiian
Islands, caused lethal malaria in birds, and even contributed to
the extinction of many species of the endemic Hawaiian

honeycreepers belonging to the Drepanididae (Freed and
Cann 2013; Atkinson et al. 2014). C. quinquefasciatus trans-
mits the pGRW4 parasite (Atkinson et al. 2008; LaPointe et al.
2010). Experimental studies on other possible vectors of this
infection are lacking. This study shows that O. cantans mos-
quitoes are resistant to the pGRW4 infection, which aborts
sporogony at the ookinete stage (Fig. 3). In other words, we
rule out the involvement of O. cantans in the transmission of
P. relictum (pGRW4). This mosquito was formerly a member
of the genus Aedes, many species of which transmit closely
related avian Plasmodium parasites, including some strains of
P. relictum, whose genetic lineages remain unidentified
(Valkiūnas 2005; Santiago-Alarcon et al. 2012).

The key result of this study is that P. relictum (pGRW4)
readily completed sporogony in C. p. pipiens f.molestusmos-
quitoes, with massive infection of sporozoites reported in the
salivary glands (Fig. 5). The rates of sporogony as well as
morphology of sporogonic stages of this parasite lineage were
similar in C. p. pipiens and C. quinquefasciatus mosquitoes.
However, slightly larger mature oocysts were observed in the
latter species (Table 1). That might be related to differences in
feeding activity of these insects in our colonies:
C. quinquefasciatus mosquitoes usually feed more actively
on birds than C. p. pipiens f. molestus (R. Žiegytė, personal
observation), resulting in a larger blood meal and potentially
greater nutrition resources, which are necessary for develop-
ment of sporogonic stages. Malaria parasites actively use the
host resources during sporogony. For example, oocyst capsu-
lar wall is built from materials obtained from invertebrate
hosts, and it contains polysaccharides, electron-dense gran-
ules, and membrane-bound bubbles of the host origin
(Mehlhorn et al. 1980; Valkiūnas 2005). In human
Plasmodium spp., the same parasite isolates also produce oo-
cysts of different sizes in different Anopheles mosquitoes and
even in different individuals of the same mosquito species
(Sherman 1998). This study shows that the same occurs in
P. relictum (pGRW4) during sporogony in different species
of Culex (Table 1).

Importantly, the sporogony completed and numerous spo-
rozoites appeared in the salivary glands both of C. p. pipiens
and C. quinquefasciatus mosquitoes at relatively low temper-
ature conditions, which are close to the long-term mean air
degrees reported in the majority of European regions with
temperate climates during the warmest months of a year (Earth
System Research Laboratory, Colorado; Web site at http://
www.esrl.noaa.gov/psd/) when active transmission of
malaria parasites occurs (Valkiūnas 2005). Former
experimental studies also reported complete sporogony of
this parasite in C. quinquefasciatus at the same temperatures
(LaPointe et al. 2010). Because (1) C. p. pipiens f. molestus
mosquito is widespread in the Holarctic (Vinogradova 2000;
Gomes et al. 2009) and (2) sporogony of P. relictum (pGRW4)
successfully completes at a mean temperature of 19 °C in this

Fig. 3 Mature ookinete of Plasmodium relictum (lineage pGRW4) in
midgut preparation of Ochlerotatus cantans 1 day postinfection.
Methanol-fixed and Giemsa-stained thin film of mosquito midgut
content. Long simple arrow—nucleus of parasite; simple arrowhead—
pigment granule. Scale bar=10 μm
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Fig. 4 Gametocytes of
Plasmodium relictum (lineage
pGRW4) in the circulation of
siskins Carduelis spinus (a, b)
and ookinetes (c, d), oocysts (e–
h), and sporozoites (i, j) of the
same parasite in mosquitoes
Culex pipiens pipiens form
molestus (c, e, g, i) and Culex
quinquefasciatus (d, f, h, j): a, b
mature macrogametocyte and
microgametocyte, respectively; c,
d mature ookinetes possessing
prominent nuclei and pigment
granules; e, f growing oocysts
13 days postinfection (dpi); g, h
nearly mature oocysts 16 dpi
(note numerous germinal centers
and developing elongate
sporozoites); i, j salivary gland
sporozoites 16 dpi. Methanol-
fixed and Giemsa-stained thin
films (a–d, i, j). Formalin-fixed
whole mounts stained with
Erlich’s hematoxylin (e–h). Long
simple arrows—nuclei of
parasites; simple arrowheads—
pigment granules. Scale bars=
10 μm: long bar is for
gametocyte, ookinete, and
sporozoite images, and short bar
is for oocyst images
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mosquito 16 dpi, we conclude that there are no restrictions for
spreading of this avian malaria infection in temperate regions
of Europe from the point of view of vector availability and air
temperature necessary for sporogony. Reports of this parasite
in resident birds at the Iberian Peninsula and Transcaucasia are
in accordance with this conclusion (Ferrer et al. 2012;
Ferraguti et al. 2013; Drovetski et al. 2014). Culex p. pipiens
f. molestus is characterized by broad ecological plasticity and
is particularly common in human settlements where it often
breeds in sewers, but also occurs in natural sheltered habitats
such as caves and other similar ecological niches
(Vinogradova 2000; Gomes et al. 2009). We support the hy-
pothesis that this mosquito can act as vector of P. relictum
(pGRW4).

It is important to note that the currently used PCR-based
diagnostics often do not read malarial coinfections (Martínez
et al. 2009; Dimitrov et al. 2015). Additionally, the blood and
vector stages of the lineages pSGS1 and pGRW4ofP. relictum
are similar morphologically (Palinauskas et al. 2007;
Valkiūnas et al. 2007; Kazlauskienė et al. 2013; Žiegytė
et al. 2014; Marzal et al. 2015; this study). Morphological
characters, which can be used to distinguish these infections
both at blood or sporogonic stages, have not been identified.
In other words, if a coinfection of the lineages pSGS1 and
pGRW4 of P. relictum is present in our donor birds, we might
not distinguish this coinfection both by the PCR-based tools
and microscopic examination, with possible reported com-
plete sporogony of the pSGS1 lineage, but not of the pGRW4
lineage. To prove that this study deals with complete sporog-
ony of the lineage pGRW4, we determined DNA sequences of
(1) the sporozoites present in the salivary glands (Fig. 5) and
(2) the single mature oocysts dissected from the midguts of
C. p. pipiens mosquitoes (Fig. 2b). All tested samples of the
salivary gland sporozoites and the single midgut oocysts
belonged to the pGRW4 lineage, indicating that this malaria
parasite completes sporogony in C. p. pipiens mosquitoes.

An issue why P. relictum (pGRW4) has been rarely report-
ed in European birds needs additional research, and three pos-
sible explanations are worthy of discussion. First, the rare

reports of pGRW4 lineage in Europemight be due tomortality
caused by this infection in nonadapted local birds, particularly
juveniles as is the case in the Hawaiian Island (Atkinson et al.
2008). In spite of numerous reports of the pGRW4 parasite all
over the world (Hellgren et al. 2007; Bensch et al. 2007;
Beadell et al. 2009; Marzal et al. 2011; Clark et al. 2014),
there is no experimental data about virulence of this infection
in different species of wild birds, except several experimental
studies on the Hawaiian Island (Atkinson et al. 2008; LaPointe
et al. 2010) and limited observations in Europe (Dimitrov et al.
2015). Lethal parasite infections are difficult to record in wild-
life, particularly due to rapid elimination of weak or dead
individuals by predators (Valkiūnas 2005; Møller and Nielsen
2007; Dinhopl et al. 2015). Experimental studies are needed
for better understanding the virulence of P. relictum (pGRW4)
in different species of birds. We did not observe mortality of
birds infected with this parasite; however, the number of ex-
posed host individuals and the experimental design were in-
sufficient to make conclusions on this issue. The level of in-
vasiveness of the lineage pGRW4 ofP. relictum in Europe also
needs to be identified.

Second, the rare reports of the lineage pGRW4 of
P. relictummight be due to shortcomings of the currently used
PCR-based diagnostic tools. Mainly, the lineage pGRW4 can
be overlooked during its coinfection with the lineages pSGS1,
which is a predominant lineage of avian malaria parasites in
Europe (Palinauskas et al. 2007; Hellgren et al. 2007; Bensch
et al. 2009; Dimitrov et al. 2010; Marzal et al. 2011). That is
not unexpected because the PCR-based tools often do not read
various haemosporidian coinfections (Martínez et al. 2009;
Braga et al. 2011; Clark et al. 2014; Dimitrov et al. 2015;
Valkiūnas 2015). It is worth mentioning in this content that
the lineage pGRW4 is often found by PCR tools in the New
World probably due to the lack of the lineage pSGS1 from
many investigated sites; this lineage is rare or is of patchy
distribution in the Americas (Marzal et al. 2011, 2015). In
other words, the rare cases of this coinfection in the Americas
might explain numerous PCR-based records of the lineage
pGRW4 due to the lack of preferable amplification of the
lineage pSGS1.

Third, rare reports of P. relictum (pGRW4) might be due to
low susceptibility of some European bird species to some
isolates of pGRW4. The limited experimental evidence shows
that the lineage pGRW4, which was isolated from the great
reed warblers Acrocephalus arundinaceus, seems to be quite
specific. It did not develop in the experimentally exposed
house sparrows Passer domesticus, blackcaps Sylvia
atricapilla, and chaffinches Fringilla coelebs (Dimitrov
et al. 2015). If (1) the vertebrate host specificity of different
isolates of the lineage pGRW4 is different and (2) the current-
ly used molecular markers do not recognize these isolates,
then future studies should aim testing more variable genes
for revealing such isolates (Hellgren et al. 2013). Certainly,

Fig. 5 Massive sporozoite infection of Plasmodium relictum (lineage
pGRW4) in Culex pipiens pipiens form molestus 16 days postinfection.
Methanol-fixed and Giemsa-stained thin film. Short simple arrows—
sporozoites. Scale bar=10 μm
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further experimental studies are needed for better understand-
ing the sensitivity of the currently used PCR-based diagnostic
tools in the detection of different haemosporidian
coinfections, particularly in relation to parasite biodiversity
research and epidemiology (Jarvi et al. 2013; Valkiūnas et al.
2014; Dimitrov et al. 2015; Valkiūnas 2015). Because haemo-
sporidian coinfections of different malaria parasites are pre-
dominant in European birds (Valkiūnas et al. 2008; Martínez
et al. 2009; Dimitrov et al. 2010), we call for the experimental
testing of sensitivity of different primers in the detection of
coinfection of pSGS1 and pGRW4 and other malaria
parasites.

Haemosporidians of the genus Plasmodium cause acute,
chronic, and debilitating malaria in many species of birds all
over the world (Stone et al. 1971; Gabaldon and Ulloa 1980;
Valkiūnas 2005; Chagas et al. 2013; Vanstreels et al. 2014;
Dinhopl et al. 2015; Palinauskas et al. 2015). The virulence of
the same lineages of Plasmodium spp. is markedly different in
different species of birds (Palinauskas et al. 2008; Atkinson
et al. 2008; Dimitrov et al. 2015). Species of Plasmodium are
usually considered to be particularly virulent in nonadapted
avian hosts, in which mortality and even devastation
epizooties have been reported (Garnham 1966; Bennett et al.
1993; Atkinson et al. 2008; Murata et al. 2008; Braga et al.
2011). However, the application of the in situ hybridization
diagnostic tools provided evidence that even widespread
Plasmodium lineages can cause lethal diseases in common
European wild birds that have been regularly exposed and,
potentially, should be adapted to these infections (Dinhopl
et al. 2015). In the latter case, malaria parasites caused marked
damage of internal organs by exoerythrocytic meronts, which
can be found all over the body, including the brain, likely
resulting in cerebral paralysis. These findings and the recent
field and experimental observations (Valkiūnas et al. 2014;
Dimitrov et al. 2015; González et al. 2015) indicate that more
research and new approaches are needed for better under-
standing the patterns of transmission and pathogenicity of
avian malaria and related haemosporidian infections in
wildlife.

In conclusion, this study adds C. p. pipiens f. molestus to
the list of vectors of P. relictum (pGRW4). We show that there
are no restrictions for spreading of this parasite lineage in
European birds from the point of view of vector availability
and air temperature necessary for sporogony. Other factors
should be considered for the explanation of rare reports of
the lineage pGRW4 in Europe. Both the infectivity of
P. relictum (pGRW4) in European birds and the shortcomings
of its PCR-based diagnostics during malarial coinfections re-
main unknown and worth considering first of all.
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