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Abstract

Bakground Vector-borne diseases affecting humans, wildlife and livestock have significantly increased their incidence

and distribution in the last decades. Because the interaction among vectors-parasite-vertebrate hosts plays a key role driving
vector-borne disease transmission, the analyses of the diversity and structure of vector-parasite networks and host-feeding
preference may help to assess disease risk. Also, the study of seasonal variations in the structure and composition of vector
and parasite communities may elucidate the current patterns of parasite persistence and spread as well as facilitate predic-
tion of how climate variations may impact vector-borne disease transmission. Avian malaria and related haemosporidian
parasites constitute an exceptional model to understand the ecology and evolution of vector-borne diseases. However,

the characterization of vector-haemosporidian parasite-bird host assemblages is largely unknown in many regions.

Methods Here, we analyzed 5859 female mosquitoes captured from May to November in five localities from south-
western Spain to explore the composition and seasonal variation of the vector-parasite-vertebrate host network.

Results We showed a gradual increase in mosquito abundance, peaking in July. A total of 16 different haemospo-
ridian lineages were found infecting 13 mosquito species. Of these assemblages, more than 70% of these vector-
parasite associations have not been described in previous studies. Moreover, three Haemoproteus lineages were
reported for the first time in this study. The prevalence of avian malaria infections in mosquitoes varied significantly
across the months, reaching a maximum in November. Mosquito blood-feeding preference was higher for mammals
(62.5%), whereas 37.5% of vectors fed on birds, suggesting opportunistic feeding behavior.

Conclusion These outcomes improve our understanding of disease transmission risk and help tovector control strategies.

Keywords Haemoproteus, Mosquito community composition, Mosquito feeding preference, Plasmodium, Vector-
borne disease
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Background

The rise in distribution and incidence of vector-borne
diseases in recent decades poses a significant worldwide
public health concern with far-reaching economic impli-
cations [1, 2]. Mosquitoes (Diptera; Culicidae), with more
than 3500 species worldwide, are one of the most impor-
tant vectors of pathogens, including protozoa (malaria),
metazoan (filarial nematodes) and viruses (e.g. West
Nile Virus, Dengue) and affect humans, domestic ani-
mals and wildlife [3]. The structure and composition of
insect vector communities can have profound impacts
on pathogen transmission [4]. For example, changes in
vector community composition can affect transmission
patterns by redistributing disease risk [5, 6]. Therefore,
an assessment of the species composition and population
dynamics of the local mosquitoes, including mosquito
abundance, richness and species diversity, is the crucial
step for developing and implementing suitable strategies
to control mosquito vector populations that may eventu-
ally reduce the spread of deadly mosquito-borne diseases.

The abundance and community composition of mos-
quitoes are affected by several factors including land use
types, landscape transformation and seasonal fluctua-
tions. In this sense, it has been shown that anthropogenic
habitat alteration may affect the abundance, diversity and
species richness of mosquitoes and also favors the inva-
sion of anthropophilic mosquitoes [7-9]. In addition,
changes throughout the year (e.g. seasonality) in vector
diversity and abundance are intimately linked to patho-
gen establishment, persistence, transmission and spread
[10]. For example, seasonality would be of importance in
determining the phenology of overwintering vector pop-
ulations and pathogen persistence for one transmission
season to the next [11]. Thus, investigation of how vec-
tor community structure and composition change over
seasons may help to explain current patterns in diseases
but also improve our understanding of how climate varia-
tions may impact parasite transmission.

Avian malaria and related haemosporidians represent
a diverse group of parasites with global distribution that
infect birds from many orders [12, 13]. Investigations of
bird haemosporidians have historically contributed to
important milestones in medical and veterinary parasi-
tology [14]. Nowadays, empirical and experimental stud-
ies in avian malaria represent a unique animal model to
understand the ecology and evolution of vector-borne
diseases [15]. The life cycle of bird haemosporidians
requires the involvement of both an insect vector during
sexual and sporogonic phases and the blood cells of the
avian host for the merogony phase and development of
gametocytes [16]. The genus Plasmodium encompasses
approximately 40 recognized species, while the genus
Haemoproteus comprises 130 species, and the genus
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Leucocytozoon has 35 recognized species [12]. Each of
these genera has its own specific vectors, with only Plas-
modium parasites being transmitted by mosquitoes [12].
However, an increasing number of studies have reported
infections of Haemoproteus in these insect vectors, sug-
gesting their potential competence for transmitting this
genus of parasites [17-19].

Characterizing the diversity and structure of vector-
parasite networks is crucial to understanding their eco-
evolutionary dynamics and disease transmission risk.
The transmission of malaria parasites by blood-sucking
insects to humans and other animals depends on vector-
host interactions [20]. These interactions between blood
parasites and their vectors are a complex process influ-
enced by genetic and ecological factors, leading to spa-
tial and temporal variation in parasite prevalence across
the distribution of the vectors [21-24]. Moreover, these
vector-parasite interactions that determine the disease
transmission may be highly specific [25]. For example,
the impact of parasite identity and mosquito species on
the transmission rate and survival costs of avian Plasmo-
dium infections in vectors has been examined [26], show-
ing that avian Plasmodium transmission differs among
different mosquito species and haemosporidian lineages.
Also, vector competence can vary among species and
populations [27], depending on a pathogen’s ability to
develop inside the insect and the mosquito’s capacity to
generate effective immune responses [28]. Comparative
studies across different sites and latitudes have shown
a great diversity of haemosporidian parasites in birds
from southwestern Iberian Peninsula [14, 29]. Nonethe-
less, more than 70 haemosporidian lineages have been
found infecting birds from this region (MalAvi database
version 2.5.7, accessed on August 5, 2023). In addition,
36 mosquito species belonging to six genera have been
described in southwestern Spain [24, 30]. However, the
characterization of mosquito vector-haemosporidian
parasite assemblages remains unknown for this region.

Identifying the factors influencing the distribution,
diversity and structure of parasite assemblages is crucial
to understand host-parasite dynamics and disease trans-
mission risk [31]. Differences in temporal distributions of
the parasites in vectors and vertebrate host species can
result in the absence of establishment of interactions
among them. For example, Inumaru et al. [32] investi-
gated the prevalence of avian malaria and related haemos-
poridian parasites in both penguins and mosquitoes at an
aquarium in northern Japan across multiple years, show-
ing a mismatch in parasite composition between pen-
guins and mosquitoes. Also, Gangoso et al. [33] analyzed
the parasite transmission network in an insular system
formed by Eleonora’s falcon (Falco eleonorae) as avian
host, louse flies that parasitize the falcons as potential
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vectors and avian haemosporidians, showing a mismatch
between the malaria lineages isolated in adult falcons and
those found in louse flies. Thus, analyzing seasonal varia-
tion in the prevalence of haemosporidian parasites in the
mosquito vectors will help to predict distributional pat-
terns and to reveal vertebrate host-parasite-vector net-
works. For example, the detection of infected mosquitoes
during late autumn and winter would support the pos-
sibility of avian malaria parasites overwintering through
infected females. Moreover, because the distributions of
avian haemosporidian parasites can vary at macro and
local scales [34—36], specific data are required for under-
standing the assembly of vector-host communities in a
particular region. For example, Neto et al. [29] assessed
the seasonal variation in prevalence of haemosporidian
parasites in house sparrows (Passer domesticus) sampled
across 1 year at four temperate European sites spanning
a latitudinal range of 17°C, showing that seasonality in
malaria prevalence is site-dependent, being more pro-
nounced in Spain; specifically, sparrows from SW Spain
showed a lower probability of malaria infection in the
winter months and then increased progressively until
reaching a peak in late summer. However, whether these
seasonal differences in infection probability of malaria in
vertebrate hosts are accompanied by monthly variation in
haemosporidian prevalence within mosquito vectors in
this region is unclear.

The interaction between vectors and their hosts plays
a key role driving vector-borne disease transmission
[37]. The transmission network is ultimately influenced
by mosquitoe feeding behavior, which regulates contact
rates between infected and susceptible vertebrates [38,
39], thus determining insect infection patterns. Host
choice and blood-feeding behavior of mosquito vectors
are key parameters in malaria epidemiology because they
can influence important features determining vectorial
potential, such as feeding rates, adult survival, hatching
rates and fecundity of the mosquitoes [40, 41], thus affect-
ing the spatial distribution of the disease [42, 43]. Also,
the study of host selection behavior by vector organisms
is crucial to recognize reservoir hosts for vector-borne
zoonotic pathogens [44, 45]. Therefore, the identification
of the source of blood meal in mosquitoes is of prime
importance for understanding the transmission dynam-
ics of vector-borne diseases and to design improved vec-
tor control strategies [46]. Nineteen mosquito species,
potential vectors of important pathogens of medical and
veterinary relevance, have been recently identified in the
studied area [30]. However, little is known about the host
choice of these vector species; therefore our knowledge
into possible parasite transmission and zoonotic patho-
gen spill over/spillback is still limited.
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Here, we investigated the composition and seasonally
variation of the vector-parasite-vertebrate host network
to provide insight into the transmission risk of avian
malaria. Specifically, we first aimed to explore the sea-
sonal variation in richness, abundance and diversity of
mosquito vectors in southwest Iberian Peninsula. Sec-
ond, we also analyzed the prevalence and genetic diver-
sity of avian malaria lineages in mosquito vectors to
reveal vector-parasite associations. Third, we studied the
variations across months of avian malaria prevalence in
mosquito vectors. Finally, we explored the relationship
between mosquito species and common hosts to deci-
pher host choice through the identification of blood meal
sources in mosquitoes.

Methods

Study area and sample collection

Mosquitoes were captured from May to November 2020
at five sampling sites in the Badajoz and Olivenza munici-
palities of the Extremadura region (southwestern Spain,
Fig. 1). Most of the areas were located close to the border
with Portugal and the Guadiana River. Overall, Extrema-
dura has a Mediterranean climate, characterized by a
long dry summer season and higher levels of precipita-
tion in winter, according to the Koppen climate classifi-
cation [47]. Insects were captured using BG-Sentinel and
Center for Disease Control (CDC) incandescent light-
traps baited with dry ice as source of CO, and gravity
traps baited with a hay infusion prepared by incubating
0.5 kg of hay in 114 1 tap water for 5 days [48, 49]. Five
sampling sessions were conducted at each site, resulting
in a total trapping effort of 25 trapping nights. All traps
remained active for an average duration of 15 h per cap-
ture session, starting between 5:00 and 9:30 p.m., with
a frequency of once every 40 days. Insect samples were
preserved in dry ice and stored at—80 °C until identifi-
cation. Frozen mosquitoes were separated by gender and
feeding status over a filter paper on a Petri plate on a chill
table. Blood-fed females were identified visually by their
dilated red abdomens and stored individually at—20 °C
until subsequent blood meal analysis. Unfed females were
grouped entirely in pools (including head, thorax and
abdomen) containing from one to 25 mosquitoes accord-
ing to species, sampling locality and date of collection.

Morphological and molecular mosquito identification

Morphological identification was performed under a
stereomicroscope using appropriate taxonomic keys
([50]; MosKeyTool software https://www.medilabsecure.
com/moskeytool). The organization and nomenclature
of mosquito species were based on two sources: the Sys-
tematic Catalog of Culicidae [51], which provided a gen-
eral framework for the taxonomy of mosquitoes, and
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Fig. 1 Distribution of the mosquito sampling sites. This map was created using QGIS 3.14.16 (A: Sagrajas; B: Bétoa; C: Gévora; D: Azud; E: Asesera)

Wilkerson et al. [52], which was used specifically for the
tribe Aedini. However, due to the difficulty in morpho-
logically identifying Culex univittatus and Cx. perexiguus
[30], some specimens were genetically identified using
the primers LCO1490 (5GGTCAACAAATCATAAAG
ATATTGG3’) and HCO2198 (5 TAAACTTCAGGGTGA
CCAAAAAATCA3’) to amplify a~658-bp fragment of
the COI gene with a modified PCR thermal cycle [53].
Nucleotide sequences were deposited at DNA Data Bank
of Japan (https://www.ddbj.nig.ac.jp/index-e.html) under
the accession numbers LC659916 — 8.

Molecular identification of the Cx. pipiens complex was
carried out by a multiplex PCR assay targeting polymor-
phisms in the intron-2 of the acetylcholinesterase-2 (Ace-
2) gene [54]. Specific primers were used to identify Culex
pipiens s.s., Cx. quinquefasciatus, and Cx. torrentium.
To differentiate between molestus and pipiens forms, a
PCR amplification of the flanking region of microsatellite
CQI1FL was performed [55]. In addition, species identi-
fication of four members of the Anopheles maculipennis

complex (An. atroparvus, An. labranchiae, An. maculi-
pennis s.s. and An. melanoon) was performed by a PCR-
RFLP assay targeting polymorphisms in the Internal
Transcribed Spacer 2 (ITS-2) of the ribosomal DNA [56].
Amplicons from both PCR methods were separated by
2% agarose gel electrophoresis and with a 100-bp DNA
ladder as a molecular weight marker (GeneRuler 100 bp
DNA Ladder; Thermo Fisher Scientific).

Molecular detection of haemosporidian infection

DNA samples were extracted from mosquito pools using
MAGMAX PATHOGEN RNA/DNA Kit (Applied Bio-
systems, reference: 4,462,359). Genomic DNA, diluted
to a concentration of 25 ng/ul, was used as a template
in a nested polymerase chain reaction (nested-PCR) to
determine the presence or absence of haemosporidian
infections in the collected vectors, using the protocols
described by Hellgren et al. [57]. The amplification was
evaluated by running 2.5l of final PCR product on a 2%
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agarose gel. All PCR experiments contained one negative
control for every eight samples.

PCR products linked to positive amplifications were
purified and sequenced on an ABI 3130 genetic analyzer
(provided by the Service of Bioscience Applied Tech-
niques of the University of Extremadura, SAIUEx). The
obtained 478-bp sequences of the cyt-b were aligned and
edited using Geneious software [58]. The final sequences
were compared to those in the MalAvi database (version
2.5.7, August 5, 2023, [59]) to identify the parasite line-
age. Parasites with sequences differing by one nucleotide
substitution were considered to represent evolutionary
independent lineages [60, 61]. The nucleotide sequences
obtained from new lineages were deposited at DNA Data
Bank of Japan (https://www.ddbj.nig. Ac.jp/index-e.
html).

Determination of insect blood meal sources

Blood-fed mosquitoes were screened for the presence
of DNA from vertebrate hosts in their blood meal. The
abdomen of individual engorged mosquitoes was excised
using sterile tweezers, and DNA was extracted using
MAGMAX PATHOGEN RNA/DNA KIT (Applied Bio-
systemsm, reference: 4,462,359). The identification of
blood meal sources was accomplished using the protocol
outlined in Alcaide et al. [62]. This method employed a
nested PCR approach using the primary pair of prim-
ers BCFW-M13 (5TGTAAAACGACGGCCAGTHAAY
CAYAARGAYATYGG3) and BCRV1 (5’GCYCANA-
CYATNCCYATRTA3’) and the nested primer pair M13
(5’ GTAAAACGACGGCCAGTG3’) and BCRV2 (5ACY-
ATNCCYATRTANCCRAANGG3) [62]. Sequences
were edited using the Geneious software and identified
by comparison with BLAST to assign unknown COI
sequences to particular vertebrate species. Host species
assignment was considered completed when we found
a match < 99% between our sequences and those in
GenBank.

Phylogenetic and statistical analyses

We selected 30 sequences from the 75 positive samples
for phylogenetic reconstruction, representing all Plasmo-
dium and Haemoproteus lineages found. The sequences
were aligned using the CLUSTALW algorithm imple-
mented in MEGA11 [63], and a fragment length of 478
pb was chosen for further analyses. Maximum likelihood
(ML) optimization criterion was used for phylogenetic
reconstruction of Plasmodium and Haemoproteus line-
ages assuming the GTR+F+1+ G4 model as defined by
IQ-TREE [64], considering the Akaike information crite-
rion. The topological support of the branches in the trees
was assessed with bootstrap analysis and an approxi-
mate likelihood ratio test (aLRT) in Iqtree. In either case,
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1000 replicates of the original sequence data were used,
and bootstrap or aLRT values>75% were considered as
indicating strong topological support. The obtained trees
were visualized using FigTree v1.4.2 (http://tree.bio.ed.ac.
uk/software/figtree/).

To estimate the prevalence of blood parasites in mos-
quitoes, EpiTools software available from AusVet Animal
Health Services (https://epitools.ausvet.com.au/) was
used, considering differences in pool size and assum-
ing 100% sensitivity and specificity [65]. We estimated
whether the prevalence varied over the seasons by using
a Pearson’s Chi-squared test followed by post hoc anal-
ysis to determine the months when the prevalence of
blood parasites was the highest.

Two linear models were used to analyze the mosquito
community, incorporating the following continuous
dependent variables calculated for each month: (i) total
abundance of mosquitoes, assessed as the cumulative
count of female mosquitoes belonging to each captured
species; (ii) mosquito richness, estimated by the rarefac-
tion index (hereafter referred to as ‘richness’), to account
for variations in the number of samples collected across
different months [66]; (ili) mosquito diversity, measured
by estimating the Shannon index [67]. Estimated mar-
ginal means (by emmeans function) were conducted to
explore variation in mosquito abundance among the dif-
ferent months. All statistical analyses were performed
using R software version 4.2.2.

Results

Mosquito species composition and phenology

Overall, 5859 female mosquitoes were collected. Thir-
teen different mosquito species were identified, including
Culex pipiens (n=4,508), Cx. theileri (n=>531), Univitta-
tus subgroup (consisting of both Cx. perexiguus and Cx.
univittatus found in the studied areas) (n=298), Aedes
caspius (n=273), Ae. vexans (n=90), Anopheles atropar-
vus (n=2383), Culiseta longiareolata (n=32), Cs. annulata
(n=14), Ae. pulcritarsis (n=13), Ae. berlandi (n=10),
Ae. echinus (n=4) and Cs. subochrea (n=3). The aver-
age species richness of captured mosquitoes per month
was eight species (ranging from five to 10), the average
richness of mosquito species was 2.82 (ranging from 2.46
to 3.58), and the average mosquito diversity was 0.929
(ranging from 0.755 to 1.284). No significant differences
were found between the richness and diversity values and
the trapping months (P-values>0.05). However, mos-
quito abundance significantly varied with the season,
with a gradual increase from May, peaking in July, and
then declining in August and September (see Additional
file 1: Table S1; Fig. 2). A second peak of abundance was
also observed in October.


https://www.ddbj.nig
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
https://epitools.ausvet.com.au/

Mora-Rubio et al. Parasites & Vectors (2023) 16:395

_C
| I
.

June

2000

A

1500

1000

500

o N

May July

m Ae. caspius m Ae. pulcritarsis

m Cx. pipiens m Cx. theileri

August

Page 6 of 15

b E_
I -

September October November

Ae. vexans m An. atroparvus

Univittatus subgroup  m Cs. longiareolata

Fig. 2 Mean number of female mosquitoes captured per month. Only species with more than 10 individuals are shown. Note that a statistically
significant variation in mosquito abundance among months was observed, with the following comparisons showing significant differences: A>E,

B>E, C>D,C>E C>Gand E<F

Prevalence and genetic diversity of haemosporidian
parasites in unfed and blood fed mosquitoes

Overall, 406 pools of unfed mosquitoes were screened for
the presence of blood parasites. Of them, 78 pools were
positive to at least one parasite genus. In two pools of
Cx. pipiens we were not able to identify the parasite line-
age, while six pools showed evidence of double infections
(four pools of Cx. pipiens, one of An. atroparvus and one
of the Univittatus subgroup), which made it difficult to
identify any particular lineage due to the presence of
double peaks in the spectropherograme. In addition, four
of 27 blood-fed Cx. pipiens showed a positive amplifica-
tion of malaria parasites.

The highest prevalence for Plasmodium was found
in Ae. caspius and An. atroparvus, while Cs. annulata
and Cs. longiaerolata showed the highest prevalence for
Haemoproteus. Parasite prevalence for each mosquito
species is shown in Table 1.

Overall, 16 different haemosporidian lineages were
found (nine Plasmodium and seven Haemoproteus)
of which 13 completely matched with previously
described lineages, and three Haemoproteus lineages
were described for the first time (CXPIP34, CXPIP35
and CXPIP36, Table 2). Our findings also revealed 70.3%
new vector-parasite associations, with 19 of 27 vector-
parasite assemblages described for the first time in this
study (Table 2). Haemoproteus minutus TURDUS2 and
Plasmodium vaughani SYATO05 were the most prevalent
lineages as they were found in a higher number of vector
species. The remaining parasite lineages were isolated in
fewer than four pools, and they were only found in one or
two vector species (Table 2).

The phylogenetic tree comprised nine Plasmodium
and seven Haemoproteus lineages and showed the pres-
ence of distinct clusters of Plasmodium (Fig. 3). The two
newly identified Haemoproteus lineages, CXPIP35 and
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Table 1 Prevalence and 95% confidence limits (CL) of avian malaria parasites in mosquitoes, estimated using £piTools
Parasite genus Mosquito species No. pools Range Positive pools Prevalence (%) Lower 95% CL Upper 95% CL
Plasmodium Aedes berlandi 6 1-3 0 0 0 0
Ae. caspius 29 1-25 2 0.74 0.12 227
Ae. echinus 1 4 0 0 0 0
Ae. pulcritarsis 2 6-7 0 0 0 0
Ae. vexans 13 1-25 0 0 0 0
Anopheles atroparvus 28 1-21 3 453 113 11.70
Culex pipiens 250 1-25 36 0.87 0.61 1.18
Cx. theileri 48 1-25 0 0 0 0
Univittatus subgroup 33 1-25 3 1.06 0.26 2.73
Culiseta annulata 8 1-6 0 0 0 0
Cs. longiareolata 14 1-11 0 0 0 0
Cs. subrochea 1 0 0 0 0
Haemoproteus Aedes berlandi 6 1-3 0 0 0 0
Ae. caspius 29 1-25 2 0.79 0.13 241
Ae. echinus 1 4 0 0 0 0
Ae. pulcritarsis 2 6-7 0 0 0 0
Ae. vexans 13 1-25 0 0 0 0
Anopheles atroparvus 28 1-21 3 351 0.88 8.85
Culex pipiens 250 1-25 22 0.53 0.34 0.78
Cx. theileri 48 1-25 6 1.21 048 243
Univittatus subgroup 33 1-25 2 0.69 0.11 211
Culiseta annulata 8 1-6 1 7.14 042 27.86
Cs. longiareolata 14 -1 2 6.25 1.07 18.07
Cs. subochrea 3 1 0 0 0 0

The term “Range” denotes the lowest and highest counts of mosquitoes included in the pools for each species

CXPIP36 (GenBank reference: LC743559 and LC743558,
respectively), showed a highly supported phylogenetic
relationship with Haemoproteus majoris PHSIB1, while
the CXPIP34 (GenBank reference: LC743560) lineage did
not cluster with any other lineages (Fig. 3).

Seasonal distribution of haemosporidian infections

The prevalence of avian malaria infections varied signifi-
cantly across the months (X*=26.816; d.f.=6; P<0.001).
Subsequent post hoc analysis using the Bonferroni
method revealed that the prevalence of avian malaria
parasites was significantly higher in November than in
other months (P<0.001; residuals =4.704; Fig. 4).

Feeding source identification in blood-fed mosquitoes

Of 5859 collected mosquitoes, only 27 were found to
be blood-fed individuals (14 Cx. pipiens majors, two
Cx. pipiens molestus, three Cx. pipiens hybrids, four
Cx. theileri, and four An. atroparvus) (Table 3). The
blood meal source was identified for all 27 engorged
mosquitoes, with 52.6% of Cx. pipiens feeding on
birds and the remaining 47.4% feeding on mammals.

In contrast, all Cx. theileri and An. atroparvus were
found to have fed on mammals. Interestingly, six of
the 14 engorged pipiens forms fed on mammals (five
fed on humans and one on dogs). A similar trend was
observed in the molestus forms and hybrids, with no
preference for feeding on both birds and mammals
(Table 3).

Discussion

Understanding the composition and phenology of the
vector community, as well as its interaction with differ-
ent lineages of haemosporidian parasites, is essential for
comprehending the transmission dynamics of vector-
borne pathogens. Traditionally, the study of transmission
patterns of avian malaria parasites has mainly focused
on investigating the relationships between vertebrate
hosts and pathogens while largely overlooking the role
of the vector identity. By providing new insights into the
local circulation of different Plasmodium and Haemo-
proteus parasites in mosquitoes, our study expands the
existing knowledge of molecular detection of different
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Table 2 Avian Plasmodium and Haemoproteus lineages detected in female blood-fed individuals and unfed mosquito pools.
Information on the previous vector species in which lineages were described was extracted from the “Vector data table” in MalAvi
database (version 2.5.7, accessed on August 5, 2023)

Parasite genus  Parasite morphospecies  Parasite lineage  Sample size  Locality GenBankno. Vector species from our  Vector species from
study literature
Plasmodium Plasmodium sp. CXPERO1 1 C JX975222" Culex pipiens” Culex neavei
CX. perexiguus
Cx. perfidiosus
Plasmodium sp. CXPIP23 4 CE JX4583332 Culex pipiens Aedes caspius
Culex pipiens
Plasmodium sp. DELURBS 2 A D EU154347 Anopheles atroparvus” Culex perexiguus
Cx. pipiens Cx. pipiens
Cx. theileri
Plasmodium sp. DONANAO02 1 D JX458327 Culex pipiens” Culex modestus
P matutinum LINNT1 4 B, D E DQ847270 Culex pipiens Aedes caspius
Culex hortensis
Cx. modestus
Cx. perexiguus
Cx. pipiens
Cx. restuans
Plasmodium sp. PADOM1 1 D DQ058611 Culex pipiens Culex pipiens
P, relictum SGS1 1 D AF495571 Culex pipiens Aedes albopictus
Culiseta annulata
Culex modestus
Culex pipiens
Culex sasai
Culex theileri
Culex perexiguus
Lutzia vorax
P vaughani SYATO5 21 A-E DQ847271 Anopheles atroparvus” Aedes albopictus
Aedes caspius’ Culex modestus
Culex pipiens Culex perexiguus
Univittatus subgroup Culex pipiens
Culex restuans
Culex theileri
Plasmodium sp. SYAT24 3 D AY831749 Culex pipiens” -
Haemoproteus — Haemoproteus sp. CXPIP34 1 E LC743560 Culex pipiens” -
Haemoproteus sp. CXPIP35 1 D LC743559 Culex pipiens” -
Haemoproteus sp. CXPIP36 1 D LC743558 Culex pipiens -
Haemoproteus sp. PHSIB1 1 D AF495565 Culex pipiens” -
Haemoproteus sp. Rw4 1 D KY768830 Culex theileri -
H. minutus TUPHIT 4 D E GU085191 Culex pipiens” -
Univittatus subgroup”
H. minutus TURDUS2 27 A-E DQO60772 Anopheles atroparvus’ Culex pipiens

Aedes caspius
Culiseta annulata’
Culiseta longiareolata”
Univittatus subgroup”
Culex pipiens

Culex theileri

! Accession number refers to the lineage synonyms DONANA10 described in MalAvi (version 2.5.7, August 5™, 2023)

2 Accession number refers to the lineage synonyms DONANAQ9 described in MalAvi (version 2.5.7, August 5%, 2023)

Asterisks (¥) denote new associations between haemosporidian lineage and vector species described for the first time in this study. Localities: A: Sagrajas; B: Bétoa; C:
Gévora; D: Azud; E: Asesera

Haemosporidia reported previously by Ferraguti et al.
[24] and Gutiérrez-Lépez et al. [26] in southern Spain

and by Ventim et al. [68] in Portugal.

The mosquito species collected in this study have
been previously reported in the southwestern Europe
region [24, 30, 68, 69]. Our results indicate that vector
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—od Plasmodium sp. DELURBS % 7%
4l Plasmodium vaughani SYATO5 & 7% 7%

ﬁ% Cx. theileri 57 ‘
54l Plasmodium sp. CXPERO1* ¥

85 88

Cs. annulata

94

87|

100l Plasmodium matutinum LINN1 \Jﬁ
ool Plasmodium sp. PADOMO1 #
—100| Plasmodium relictum SGS1 \‘%’
4100| Plasmodium sp. SYAT24\‘%

—

957 Plasmodium sp. DONANA02 &

ol Plasmodium sp. CXPIP23 *\‘%

o8 Haemoproteus majoris PHSIB1 %
LC743559 Haemoproteus sp. CXPIP35 \‘%
85L | €743558 Haemoproteus sp. CXPIP36 &

LC743560 Haemoproteus sp. CXPIP34 %

Haemoproteus sp. Rw4 %

Haemoproteus minutus TURDUS2 \%\%’\#“‘%%%

Haemoproteus minutus TUPHIO1 \‘%%F’

0.05

MT281492 Leucocytozoon sp.

Fig. 3 Maximum likelihood tree constructed using the GTR+G+1 model for Plasmodium and Haemoproteus lineages. The analysis involved 30
nucleotide sequences (two sequences were collapsed into one for the same lineage with the exception of newly discovered lineages), resulting

in a final dataset of 441 positions. The consensus tree probability was -1713.51. Support values for the branches were estimated using aLRT/
Bootstrap with 1000 repetitions for each method. The size bar indicates 0.05 replacements per site. The sequence Leucocytozoon MT281492 served
as the outgroup. New lineages detected are highlighted in bold. The analysis was performed on IQtree.” Accession number refers to the lineage
synonyms DONANA09 and DONANAT10 as described in MalAvi (version 2.5.7, August 5, 2023), respectively

abundance was highest from May to July, declining in
August and September, followed by a rebound in October
before dropping significantly in November. Similar phe-
nological patterns have been observed in other studies
in temperate regions in the Northern Hemisphere. For
instance, Ferraguti et al. [24] showed a notable increase
in mosquito abundance during the summer months and a
decrease in early autumn in southern Spain. In Portugal,
Ventim et al. [68] reported a higher abundance of vectors
during June and July than during autumn, a trend also
described by Roiz et al. [70] in northern Italy. In western
Switzerland, Lalubin et al. [71] showed that Cx. pipiens
peaked in abundance from June to August before declin-
ing. Moreover, in Kansas (USA), Ganser and Wisely [72]
reported an increase in mosquito abundance from May
to June, followed by a decrease at the end of June and a
subsequent increase in August, further supporting our
outcomes. Local variations in mosquito abundance may
be attributed to differences in environmental factors
(e.g. microclimate, vegetation, land use) or the degree of
anthropization [8, 73, 74] as well as intra-annual variation

in climatic factors of the studied areas (generally, mos-
quito abundance is higher when rainfall and temperature
are high) [75, 76] or landscape species-specific relation-
ships related to the mosquitoes present in the territory
[77].

Avian malaria prevalence was higher in Ae. caspius,
An. atroparvus, Cs. annulata and Cs. longiareolata than
in other vector species (Table 1). This high prevalence of
avian malaria in Ae. caspius has also been recorded by
Ferraguti et al. in southern Spain [24]. Nevertheless, this
outcome may seem counterintuitive since Ae. caspius has
been shown to mainly feed on mammals [39], and there-
fore a high prevalence of avian malaria parasites in this
species would not be expected. This pattern could be
explained by the lower relative abundance of mammals
compared to birds in the area where the samples were
collected. No infections were detected in Ae. berlandi,
Ae. echinus, Ae. pulcritarsis, Ae. vexans and Cs. subro-
chea, which may be due to the low sample sizes of these
species in this study.
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Fig. 4 Mean minimum prevalence detected in the mosquito pools per month for the infected species screened for blood parasites. *Month
with a significantly higher number of infected mosquitoes compared to all other months, as determined by the Chi-square test

Table 3 Total number of mosquitoes with blood meals from different vertebrate host species. For the Culex pipiens complex, the
genetic subspecies is shown

Host feeding source Vector species (subspecies)
Anopheles atroparvus  Culex pipiens (pipiens)  Culex pipiens (molestus) — Culex hybrids (pipiens/ Culex theileri
molestus)
Emberiza calandra 1
Galerida cristata 1(1)
Gallus gallus 1
Hirundo rustica 1
Passer montanus 1
Petronia petronia (1)
Sitta europaea 1
Sylvia atricapilla 1
Turdus merula 2(1)
Bos taurus 1 1
Canis lupus familiaris 1
Homo sapiens 4 5(1) 2 3
Total 4 14 2 3 4

Number of mosquitoes carrying parasites is shown between brackets
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Regarding the diversity of blood parasites detected, we
found nine Plasmodium and eight Haemoproteus line-
ages. Six Plasmodium lineages (CXPER01, CXPIP23,
DELURB5, DONANAO2, SGS1 and SYATO05) had been
previously detected in mosquitoes in southern Spain
[24], while Veiga et al. [78] also detected TURDUS2 and
SYATO5 in Culicoides species from Almeria. In turn,
SGS1 and SYATO05 were also previously described in Cx.
pipiens specimens in Barcelona [79] and in Culex mos-
quitoes from Portugal [68]. Moreover, six of the haemos-
poridian lineages we detected in mosquitoes have also
been reported in resident birds in central and southern
Spain over the past 15 years (Plasmodium DELURBS5,
LINN1, PADOMO1, SGS1, SYAT05 and SYAT24), thus
confirming local circulation of these parasites in the Ibe-
rian Peninsula [80-88].

We found that > 70% of the vector-lineage associa-
tions identified in this study had not been described in
previous studies, thus representing new vector-parasite
assemblages. This finding highlights the need for more
vector-focused studies and efforts to better understand
the dynamics of vector-parasite interactions. However, our
methodology involved the analysis of full mosquito speci-
mens (including head, thorax and abdomen). It is impor-
tant to note that some haemosporidian parasites found in
vectors may not fully mature to form sporozoites and lead
to abortive infections, and hence the use of parasite DNA
amplification via PCR techniques may present some limi-
tations in the assessment of vector competence and vec-
torial capacity [20]. Results from further studies assessing
successful sporogonic development and invasion of sali-
vary glands by sporozoites are needed to supplement our
findings and determine the competence of these vectors to
transmit these haemosporidian lineages [16].

Haemoproteus minutus TURDUS2 and P vaughani
SYATO05 were the most generalist and abundant avian
malaria lineages in our samples as they were found in
seven and four mosquito species, respectively (Table 2,
Fig. 3). Previous studies in birds have considered TUR-
DUS2 and SYATO05 as haemosporidian generalist line-
ages [59, 89-91] as they were detected in multiple avian
species. Notably, while SYATO5 has been described in six
mosquito species in other studies, TURDUS2 was only
reported in Cx. pipiens in previous studies [59], leading
to a controversy over the definition of generalist para-
site of these malaria lineages depending on whether they
infect a vector or a vertebrate host. However, the out-
comes from our study have revealed that these haemos-
poridian lineages are found in many vector species from
different genera, thus confirming the generalist behavior
of these malaria lineages in both vector and bird hosts.

Generalist parasites typically result in higher preva-
lence rates than more host-specific parasites, possibly
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because they can exploit a specific subset of hosts, lead-
ing to higher infection rates [87]. Our findings support
this idea as we observed the highest prevalence in mos-
quitoes infected with these generalist haemosporidian
lineages. However, it is important to note that the rela-
tionship between parasite specialization and prevalence
can vary among different studies. For instance, in some
cases, specialized avian Haemosporidia parasites may
exhibit higher prevalence than generalists [92], while
the opposite trend has also been observed [93]. Further-
more, parasite prevalence can be influenced by sample
size, which, in turn, is dependent on environmental con-
ditions. In our study, we identified other lineages that
displayed more specialized behavior, being observed in
only one mosquito species each. However, there were
exceptions with H. minutus TUPHI1 and Plasmodium sp.
DELURBS5, which were found in two different mosquito
species (Cx. pipiens and Univittatus subgroup, and An.
atroparvus and Cx. pipiens, respectively).

Notably, Plasmodium matutinum LINN1, P relictum
SGS1 and Haemoproteus PHSIB1 were only detected in
Cx. pipiens in our study, although they have been previ-
ously described in six, eight and one mosquito species,
respectively. Moreover, these lineages have been con-
sidered generalist parasites in previous studies in birds
[94-97]. These discrepancies may be explained by the
higher relative abundance of Cx. pipiens in our study
compared to other potential vectors. Although we found
a high abundance of mosquitoes during late spring-early
summer, our findings showed a maximum peak of avian
malaria prevalence in vectors in October and November.
This pattern has been previously reported in southern
Spain [24] and Portugal [68]. A maximum prevalence of
haemosporidians in vectors during autumn has been also
described in Japan [23, 98]. However, other studies con-
ducted in Turkey [99] and Switzerland [71] found higher
infection prevalence in mosquitoes during the summer
months. This observed trend in seasonally variation in
avian malaria infection in vectors can be explained by
the presence of haemosporidian lineages in suitable bird
hosts. In this sense, Neto et al. [29] explored the seasonal
variation of probability of infection by Haemoproteus
and Plasmodium spp. in house sparrows from the same
area as our study, showing a maximum prevalence of
haemosporidian infection in late summer/early autumn.
This difference in the time showing maximum peak of
haemosporidian infection between avian hosts and vec-
tors may be explained because the asexual cycle of hae-
mosporidian parasites inside the bird hosts includes a
time lapse between the release of sporozoites by vectors
when taking a blood meal until the presence of micro and
macrogametocytes in the avian bloodstream ready for
parasite transmission to new vectors [12]. Additionally,
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Plasmodium parasitemia typically increases from Feb-
ruary to September, peaking in autumn. This increases
the likelihood of transmission of malaria lineages from
infected birds with higher parasitemia to a greater num-
ber of mosquitoes during this season [100].

The unique characteristics of the studied area in the
southwest of the Iberian Peninsula, in terms of biodiver-
sity of insect vector and bird species, as well as the active
circulation of pathogens in the environment, make this
environment an ideal location for the study of vector-
borne diseases [86, 87, 101-103]. However, our results
can also be extrapolated to other Mediterranean regions,
given that climate change forecasts predict an increase in
temperatures in Spain, which will drastically alter the dis-
tribution of zoonotic mosquitoes [104].

The mammophilic feeding preference of both An. atro-
parvus and Cx. theileri species was confirmed [105, 106].
However, while Cx. pipiens is recognized as a primar-
ily ornithophilic species [107], it can also feed on mam-
mals when they are available [108]. This opportunistic
feeding behavior has been observed in both Cx. pipiens
forms and in Cx. pipiens x molestus hybrids [107]. The
co-occurrence of both Cx. pipiens forms in urban surface
habitats can result in a wide diversity of behavioral and
ecological traits, making it difficult to categorize them
[107]. This heterogeneous distribution has been observed
in southern Europe [107, 109], contrasting with northern
Europe, where harsh winters and strong divergent selec-
tion limit gene flow, allowing the two forms to maintain a
remarkably divergent set of behaviors [107]. The diversity
and heterogeneity of Cx. pipiens in mid-latitudes pose a
challenge in accurately predicting their distribution and
ecological behavior, which can potentially result in sig-
nificant public health concerns. Indeed, these forms can
act as a bridge for various zoonotic diseases between wild
animals and human hosts [110, 111].

Conclusions

To sum up, our study in the southwestern Iberian Pen-
insula has revealed several important findings. First, we
have found a highly diverse mosquito community in the
area, with variations in abundance throughout the sea-
sons, peaking in early summer. Second, we have iden-
tified several different lineages of Haemoproteus and
Plasmodium in mosquito vectors, including three newly
recorded lineages, and we have described more than 70%
of new associations between these parasites and mosqui-
toes. Third, we have observed a maximum peak of avian
malaria prevalence in mosquito vectors during Novem-
ber, thus revealing active avian malaria transmission dur-
ing mid-autumn in southern Europe. Finally, we have
shown that the Cx. pipiens complex exhibits opportun-
istic feeding behavior, biting both birds and mammals.
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Our study highlights the importance of the relationship
between avian malaria and different mosquito species as
well as the effect of phenological factors and host feed
preference. This information provides key steps to under-
standing disease transmission and may aid in identifying
priority areas for pathogen surveillance and vector con-
trol measurements.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513071-023-05964-1.

Additional file 1: Table S1. Results of the estimated marginal means
testing the relationships between mosquito abundance and the months
of the sampling. Significant relationships (p < 0.05) are highlighted in bold.

Acknowledgements

We are grateful to the technical support provided by SAIUEx with the molecu-
lar analyses (financed by UEx, Junta de Extremadura, MICINN, FEDER and FSE).
In 2023, this study was awarded the "X National Award of the Academy of
Veterinary Sciences of Castilla y Ledn" sponsored by the Council of Veterinary
Colleges of Castillay Ledn, Spain.

Author contributions

CM-R, MF, SM and FdL designed the experiment and the study. CM-R, MF
and SM collected the samples. MF, SM, DB-B carried out the entomological
identification. CM-R, DB-B and IH-C performed molecular analyses. CM-R,

MF and SM statistically analyzed the data. CMR wrote the first draft of the
manuscript under the supervision of MF and AM. FdL and AM contributed to
the reagents/materials/analysis tools. All authors read and approved the final
manuscript.

Funding

Open Access funding provided thanks to the CRUE-CSIC agreement with
Springer Nature. This study was partially funded by Ayudas Fundacion BBVA

a Equipos de Investigacion Cientifica 2019 (PR (19_ECO_0070) project), line
of action LA4 which is part of the R+ D+ program in the Biodiversity Area
financed by the FEDER Extremadura 2021-2027 Operational Program of

the Recovery, Transformation and Resilience Plan from the Consejeria de
Economia e Infraestructura of the Junta de Extremadura and the European
Regional Development Fund, a Way to Make Europe (IB20089 project), and by
the Spanish Ministry of Science and Innovation (PID2022-1428030A-100 pro-
ject). CMR is funded by a FPU grant from the Ministry of Universities of Spain
(reference: FPU20/01039). MF is supported by a Ramén y Cajal postdoctoral
contract (RYC2021-031613-l) from the Spanish Ministry of Science and Innova-
tion (MICINN) and by a 2023 Leonardo Grant for Researchers and Cultural
Creators (BBVA Foundation). The BBVA Foundation accepts no responsibility
for the opinions, statements and contents included in the project and/or the
results thereof, which are entirely the responsibility of the authors.

Availability of data and materials
All the data presented in this manuscript are available from the corresponding
author upon reasonable request.

Declarations

Ethics approval and consent to participate

Mosquito trapping was carried out with all the necessary permits from Con-
sejerfa de Agricultura, Desarrollo Rural, Medio Ambiente y Energia (Junta de
Extremadura). Entomological surveys on private land and in private residential
areas was conducted with all the necessary permits and consent, and in the
presence of owners. This study did not affect any endangered or protected
species.

Consent for publication
Not applicable.


https://doi.org/10.1186/s13071-023-05964-1
https://doi.org/10.1186/s13071-023-05964-1

Mora-Rubio et al. Parasites & Vectors (2023) 16:395

Competing interests
The authors declare no competing interests.

Author details

'Departamento de Anatomia, Biologia Celular y Zoologia, Universidad de
Extremadura, Facultad de Ciencias, Avenida de Elvas S/N, 06006 Badajoz,
Spain. “Departamento de Biologia de la Conservacién y Cambio Global,
Estacion Bioldgica de Dofana, EBD-CSIC, Avda. Américo Vespucio 26,
41092 Seville, Spain. *Departamento de Sanidad Animal, Parasitologfa,
Universidad de Extremadura, Facultad de Veterinaria, Avda. Universidad S/N,
10003 Céceres, Spain. *Consorcio de Investigacién Biomédica en Red de
Epidemiologfa y Salud Publica (CIBERESP), Madrid, Spain. °Grupo de Investi-
gaciones en Fauna Silvestre, Universidad Nacional de San Martin, Jr. Maynas
1777,22021 Tarapoto, Peru.

Received: 17 July 2023 Accepted: 7 September 2023
Published online: 01 November 2023

References

1. Kilpatrick AM, Randolph SE. Drivers, dynamics, and control of emerging
vector-borne zoonotic diseases. The Lancet. 2012;380:1946-55.

2. World Health Organization. Global vector control response 2017-2030:
an integrated approach for the control of vector borne diseases . World
Health Organization. 2017. Available at: http://www.who.int/vector-
control/burden_vector-borne_diseases.pdf

3. Tolle MA. Mosquito-borne diseases. Curr Probl Pediatr Adolesc Health
Care. 2009;39:97-140.

4. Cator LJ, Johnson LR, Mordecai EA, El Moustaid F, Smallwood TRC,
LaDeau SL, et al. The role of vector trait variation in vector-borne dis-
ease dynamics. Front Ecol Evol. 2020;8:507337.

5. McMillan JR, Armstrong PM, Andreadis TG. Patterns of mosquito
and arbovirus community composition and ecological indexes of
arboviral risk in the northeast United States. PLoS Negl Trop Dis.
2020;14:e0008066.

6. Cleveland CA, Dallas TA, Vigil S, Mead DG, Corn JL, Park AW. Vector
communities under global change may exacerbate and redistribute
infectious disease risk. Parasitol Res. 2023;122:963-72.

7. Mayi MPA, Foncha DF, Kowo C, Tchuinkam T, Brisco K, Anong DN, et al.
Impact of deforestation on the abundance, diversity, and richness of
Culex mosquitoes in a southwest Cameroon tropical rainforest. J Vector
Ecol. 2019,44:271-81.

8. Ferraguti M, Martinez-De La Puente J, Roiz D, Ruiz S, Soriguer R,
Figuerola J. Effects of landscape anthropization on mosquito commu-
nity composition and abundance. Sci Rep. 2016;6:1-9.

9. Perrin A, Glaiziot O, Christe P. Worldwide impacts of landscape anthropi-
zation on mosquito abundance and diversity: a meta-analysis. Glob
Chang Biol. 2022,28:6857-71.

10. European Centre for Disease Prevention and Control and European
Food Safety Authority. The importance of vector abundance and sea-
sonality—Results from an expert consultation. Stockholm and Parma;
2018. Available at: https://www.ecdc.europa.eu/sites/default/files/
documents/vector-abundance-and-seasonality.pdf

11. Mayo CE, Mullens BA, Reisen WK, Osborne CJ, Gibbs EPJ, Gardner IA,
et al. Seasonal and interseasonal dynamics of bluetongue virus infec-
tion of dairy cattle and Culicoides sonorensis midges in northern Califor-
nia - implications for virus overwintering in temperate zones. PLoS One.
2014;9:106975.

12. Valkitnas G. Avian malaria parasites and other Haemosporidia. Avian
Malaria Parasites and other Haemosporidia. Boca Raton: CRC Press;
2004.

13. Santiago-Alarcon S, Marzal A. Avian malaria and related parasites in
the tropics Avian Malaria and Related Parasites in the Tropics. Cham:
Springer International Publishing; 2020.

14. Marzal A.Recent advances in studies on avian malaria parasites. Malaria
Parasites. 2012;30:135-58.

15. Rivero A, Gandon S. Evolutionary ecology of avian malaria: past to
present. Trends Parasitol. 2018;34:712-26

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34

Page 13 of 15

ValkiGinas G, Atkinson CT. Introduction to life cycles, taxonomy, distribu-
tion, and basic research techniques Avian Malaria and Related Parasites
in the Tropics. Cham: Springer; 2020. p. 45-80.

Valkitnas G, Kazlauskiené R, Bernotiené R, Palinauskas V, lezhova TA.
Abortive long-lasting sporogony of two Haemoproteus species (Hae-
mosporida, Haemoproteidae) in the mosquito Ochlerotatus cantans,
with perspectives on haemosporidian vector research. Parasitol Res.
2013;112:2159-69.

ValkiGinas G, Kazlauskiene R, Bernotiene R, Bukauskaite D, Palinauskas V,
lezhova TA. Haemoproteus infections (Haemosporida, Haemoproteidae)
kill bird-biting mosquitoes. Parasitol Res. 2014;113:1011-8.

Bukauskaite D, Bernotiene R, lezhova TA, ValkiGnas G. Mechanisms of
mortality in Culicoides biting midges due to Haemoproteus infection.
Parasitology. 2016;143:1748-54.

Ferreira FC, Santiago-Alarcon D, Braga EM. Diptera vectors of avian
haemosporidians: with emphasis on tropical regions. avian malaria
and related parasites in the tropics: ecology, evolution and systematics.
Cham: Springer; 2020. p. 185-250.

Pérez-Tris J, Bensch S. Dispersal increases local transmission of avian
malarial parasites. Ecol Lett. 2005;8:838-45.

Bensch S, Waldenstrom J, Jonzén N, Westerdahl H, Hansson B, Sejberg
D, et al. Temporal dynamics and diversity of avian malaria parasites in a
single host species. J Anim Ecol. 2007;76:112-22.

Kim KS, Tsuda Y. Seasonal changes in the feeding pattern of Culex
pipiens pallens govern the transmission dynamics of multiple lineages
of avian malaria parasites in Japanese wild bird community. Mol Ecol.
2010;19:5545-54.

Ferraguti M, Martinez-de la Puente J, Mufioz J, Roiz D, Ruiz S, Soriguer
R, et al. Avian Plasmodium in Culex and Ochlerotatus Mosquitoes from
Southern Spain: effects of season and host-feeding source on parasite
dynamics. PLoS ONE. 2013;8:€66237.

Erhunse N, Okomayin V, Erhunse N, Okomayin V. Vector-parasite
interactions and malaria transmission. In: Mosquito Research - Recent
Advances in Pathogen Interactions, Immunity, and Vector Control
Strategies. IntechOpen; 2022. Available at: https://doi.org/10.5772/intec
hopen.105025

Gutiérrez-Lopez R, Martinez-De La Puente J, Gangoso L, Soriguer R,
Figuerola J. Plasmodium transmission differs between mosquito species
and parasite lineages. Parasitology. 2020;147:441-7.

Beerntsen BT, James AA, Christensen BM. Genetics of mosquito vector
competence. Microbiol Mol Biol Rev. 2000,64:115-37.

Goddard J. Mosquito-borne diseases. Infectious diseases and arthro-
pods. Cham: Humana Press; 2018. p. 39-89.

Neto JM, Mellinger S, Halupka L, Marzal A, Zehtindjiev P, Westerdahl H.
Seasonal dynamics of haemosporidian (Apicomplexa, Haemosporida)
parasites in house sparrows Passer domesticus at four European sites:
comparison between lineages and the importance of screening meth-
ods. Int J Parasitol. 2020;50:523-32.

Bravo-Barriga D, de AlImeida APG, Delacour-Estrella S, Pefia RE,
Lucientes J, Sdnchez-Murillo JM, et al. Mosquito fauna in Extremadura
(western Spain): updated catalog with new records, distribution maps,
and medical relevance. J Vector Ecol. 2021;46:70-82.

Prieto-Torres DA, Rojas-Soto O, Lira-Noriega A. Ecological niche mod-
eling and other tools for the study of avian malaria distribution in the
neotropics: a short literature review. In: Avian malaria and related para-
sites in the tropics: ecology, evolution and systematics. Cham: Springer;
2020. p. 251-80.

Inumaru M, Yamada A, Shimizu M, Ono A, Horinouchi M, Shimamoto

T, et al. Vector incrimination and transmission of avian malaria at an
aquarium in Japan: mismatch in parasite composition between mos-
quitoes and penguins. Malar J. 2021;20:1-12.

Gangoso L, Gutiérrez-Lopez R, Martinez-de la Puente J, Figuerola J.
Louse flies of Eleonora's falcons that also feed on their prey are evolu-
tionary dead-end hosts for blood parasites. Mol Ecol. 2019;28:1812-25.
Wood MJ, Cosgrove CL, Wilkin TA, Knowles SCL, Day KP, Sheldon

BC. Within-population variation in prevalence and lineage distri-
bution of avian malaria in blue tits. Cyanistes caeruleus Mol Ecol.
2007;16:3263-73.


http://www.who.int/vector-control/burden_vector-borne_diseases.pdf
http://www.who.int/vector-control/burden_vector-borne_diseases.pdf
https://www.ecdc.europa.eu/sites/default/files/documents/vector-abundance-and-seasonality.pdf
https://www.ecdc.europa.eu/sites/default/files/documents/vector-abundance-and-seasonality.pdf
https://doi.org/10.5772/intechopen.105025
https://doi.org/10.5772/intechopen.105025

Mora-Rubio et al. Parasites & Vectors

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

(2023) 16:395

Cosgrove CL, Wood MJ, Day KP, Sheldon BC. Seasonal variation in
Plasmodium prevalence in a population of blue tits Cyanistes caeruleus. J
Anim Ecol. 2008;77:540-8.

Doussang D, Gonzalez-Acuha D, Torres-Fuentes LG, Lougheed SC,
Clemente-Carvalho RB, Greene KC, et al. Spatial distribution, prevalence
and diversity of haemosporidians in the rufous-collared sparrow.
Zonotrichia capensis Parasit Vectors. 2019;12:1-12.

Marzal A, Magallanes S, Garcia-Longoria L. Stimuli followed by avian
malaria vectors in host-seeking behaviour. Biology (Basel). 2022;11:726.
Kilpatrick AM, Daszak P, Jones MJ, Marra PP, Kramer LD. Host heteroge-
neity dominates West Nile virus transmission. Proc R Soc Lond B Biol Sci.
2006;273:2327-33.

Munoz J, Ruiz S, Soriguer R, Alcaide M, Viana DS, Roiz D, et al. Feeding
patterns of potential West Nile virus vectors in South-West Spain. PLoS
ONE. 2012;7:239549.

Phasomkusolsil S, Tawong J, Monkanna N, Pantuwatana K, Damdan-
gdee N, Khongtak W, et al. Maintenance of mosquito vectors: effects of
blood source on feeding, survival, fecundity, and egg hatching rates. J
Vector Ecol. 2013;38:38-45.

Adugna F, Wale M, Nibret E. Review of Anopheles mosquito species,
abundance, and distribution in Ethiopia. J Trop Med. 2021; 6726622.
Burkett-Cadena ND, Graham SP, Hassan HK, Guyer C, Eubanks MD,
Katholi CR, et al. Blood feeding patterns of potential arbovirus vectors
of the genus Culex targeting ectothermic hosts. Am J Trop Med Hyg.
2008;79:809-15.

Wu SL, Henry JM, Citron DT, Mbabazi Ssebuliba D, Nakakawa Nsumba
J, Sdnchez CHM, et al. Spatial dynamics of malaria transmission. PLoS
Comput Biol. 2023;19:¢1010684.

Gyawali N, Taylor-Robinson AW, Bradbury RS, Huggins DW, Hugo LE,
Lowry K, et al. Identification of the source of blood meals in mosquitoes
collected from north-eastern Australia. Parasit Vectors. 2019;12:1-8.
Allan BF, Goessling LS, Storch GA, Thach RE. Blood meal analysis to
identify reservoir hosts for Amblyomma americanum ticks. Emerg Infect
Dis. 2010;16:433.

Gutiérrez-Lépez R, Bialosuknia SM, Ciota AT, Montalvo T, Martinez-De

la Puente J, Gangoso L, et al. Vector competence of Aedes caspius

and Ae. albopictus mosquitoes for Zika virus Spain. Emerg Infect Dis.
2019;25:346.

Beck HE, Zimmermann NE, McVicar TR, Vergopolan N, Berg A, Wood EF.
Present and future Koppen-Geiger climate classification maps at 1-km
resolution. Sci Data. 2018;5:1-12.

Ritchie SA, Buhagiar TS, Townsend M, Hoffmann A, Den HAFV, McMa-
hon JL, et al. Field validation of the gravid Aedes trap (GAT) for collection
of Aedes aegypti (Diptera: Culicidae). J Med Entomol. 2014;51:210-9.
Eiras AE, Costa LH, Batista-Pereira LG, Paixdo KS, Batista EPA. Semi-field
assessment of the gravid Aedes Trap (GAT) with the aim of controlling
Aedes (Stegomyia) aegypti populations. PLoS ONE. 2021;16:€0250893.
Becker N, Petri¢ D, Zgomba M, Boase C, Madon MB, Dahl C, et al. Mos-
quitoes: identification, ecology and control. Cham: Springer; 2020.
Gaffigan TV, Wilkerson RC, Pecor JE, Stoffer JA, Anderson T. Systematic
Catalog of Culicidae. Walter Reed Biosystematic Unit; 2019. Available at:
https://www.mosquitocatalog.org/

Wilkerson RC, Linton Y-M, Strickman D. Mosquitoes of the world. Balti-
more: Johns Hopkins University Press; 2021.

Folmer O, Black M, Hoeh W, Lutz R, Vrijenhoek R. DNA primers for ampli-
fication of mitochondrial cytochrome ¢ oxidase subunit | from diverse
metazoan invertebrates. Mol Mar Biol Biotechnol. 1994;3:294-9.

Smith JL, Fonseca DM. Rapid assays for identification of members of the
Culex (Culex) pipiens complex, their hybrids, and other sibling species
(Diptera: Culicidae). Am J Trop Med Hyg. 2004;70:339-45.

Bahnck CM, Fonseca DM. Rapid assay to identify the two genetic forms
of Culex (Culex) pipiens | (Diptera: Culicidae) and hybrid populations.
Am J Trop Med Hyg. 2006;75:251-5.

Linton Y-M, Smith L, Harbach RE. Molecular confirmation of sympatric
populations of Anopheles messeae and Anopheles atrparvus overwinter-
ing in Kent, southweast England. Eur Mosq Bull. 2002;13:8-16.

Hellgren O, Waldenstrdm J, Bensch S. A new PCR assay for simultaneous
studies of Leucocytozoon, Plasmodium, and Haemoproteus from avian
blood. J Parasitol. 2004,90:797-802.

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S,

et al. Geneious basic: an integrated and extendable desktop software

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Page 14 of 15

platform for the organization and analysis of sequence data. Bioinfor-
matics. 2012;28:1647-9.

Bensch S, Hellgren O, Pérez-Tris J. MalAvi: a public database of malaria
parasites and related haemosporidians in avian hosts based on mito-
chondrial cytochrome b lineages. Mol Ecol Resour. 2009;9:1353-8.
Bensch S, Pérez-Tris J, Waldenstrom J, Hellgren O. Linkage between
nuclear and mitochondrial DNA sequences in avian malaria parasites:
multiple cases of cryptic speciation? Evolution (N'Y). 2004;58:1617-21.
Ricklefs RE, Swanson BL, Fallon SM, Martinez-Abrain A, Scheuerlein

A, Gray J, et al. Community relationships of avian malaria parasites in
Southern Missouri. Ecol Monogr. 2005;75:543-59.

Alcaide M, Rico C, Ruiz S, Soriguer R, Mufoz J, Figuerola J. Disentan-
gling vector-borne transmission networks: a universal DNA barcoding
method to identify vertebrate hosts from arthropod bloodmeals. PLoS
ONE. 2009;4:€7092.

Tamura K, Stecher G, Kumar S. MEGAT1: molecular evolutionary genet-
ics analysis version 11. Mol Biol Evol. 2021;38:3022-7.

Trifinopoulos J, Nguyen LT, von Haeseler A, Minh BQ. W-IQ-TREE: a fast
online phylogenetic tool for maximum likelihood analysis. Nucleic
Acids Res. 2016;44:W232-5.

Sergeant E. Epitools epidemiological calculators. 2018. https://epitools.
ausvet.com.au/. Accessed 14 Jul 2023.

Gotelli NJ, Colwell RK. Estimating species richness. Biological diversity:
frontiers in measurement and assessment. Oxford: Oxford University
Press; 2011. p. 39-54.

Agrawal A, Gopal K. Application of diversity index in measurement of
species diversity. In: Biomonitoring of Water and Waste Water. India:
Springer. 2013;41-8.

Ventim R, Ramos JA, Osério H, Lopes RJ, Pérez-Tris J, Mendes L. Avian
malaria infections in western European mosquitoes. Parasitol Res.
2012;111:637-45.

Pérez Bote JL. Mosquitos (Diptera, Culicidae) de las vegas del rfo Guadi-
ana (Extremadura, Espana). Bol Asoc Esp Entomol. 2012;36:61-73.

Roiz D, Vazquez A, Rosa R, Mufoz J, Arnoldi D, Rosso F, et al. Blood meal
analysis, flavivirus screening, and influence of meteorological variables
on the dynamics of potential mosquito vectors of West Nile virus in
northern Italy. J Vector Ecol. 2012;37:20-8.

Lalubin F, Delédevant A, Glaizot O, Christe P. Temporal changes in mos-
quito abundance (Culex pipiens), avian malaria prevalence and lineage
composition. Parasit Vectors. 2013;6:1-8.

Ganser C, Wisely SM. Patterns of spatio-temporal distribution, abun-
dance, and diversity in a mosquito community from the eastern Smoky
Hills of Kansas. J Vector Ecol. 2013;38:229-36.

Johnston E, Weinstein P, Slaney D, Flies AS, Fricker S, Williams C.
Mosquito communities with trap height and urban-rural gradient in
Adelaide, South Australia: implications for disease vector surveillance. J
Vector Ecol. 2014;39:48-55.

Ibanez-Justicia A, Stroo A, Dik M, Beeuwkes J, Scholte EJ. National mos-
quito (Diptera: Culicidae) survey in The Netherlands 2010-2013. J Med
Entomol. 2015;52:185-98.

Guimaraes AF, Gentile C, Lopes CM, Sant’Anna A. Ecologia de mosqui-
tos em areas do Parque Nacional da Serra da Bocaina. Il - Freqliéncia
mensal e fatores climaticos. Rev Saude Publica. 2001;35:392-9.

Guedes MLP, Navarro-Silva MA. Mosquito community composition in
dynamic landscapes from the Atlantic Forest biome (Diptera, Culicidae).
Rev Bras Entomol. 2014;58:88-94.

Roiz D, Ruiz S, Soriguer R, Figuerola J. Landscape effects on the
presence, abundance and diversity of mosquitoes in Mediterranean
wetlands. PLoS ONE. 2015;10:e0128112.

Veiga J, Martinez-De La Puente J, Vaclav R, Figuerola J, Valera F.
Culicoides paolae and C circumscriptus as potential vectors of avian
haemosporidians in an arid ecosystem. Parasit Vectors. 2018;11:1-10.
Martinez-de la Puente J, Soriguer R, Senar JC, Figuerola J, Bueno-Mari R,
Montalvo T. Mosquitoes in an urban zoo: identification of blood meals,
flight distances of engorged females, and avian malaria infections. Front
Vet Sci. 2020;7:460.

Rojo MA, Campos F, Santamaria T, Hernandez MA. Haemosporidians in
iberian bluethroats Luscinia Svecica. Ardeola. 2014;61:135-43.

Rojo MA, Herndndez MA, Campos F, Santamaria T, Dias S, Casanueva P.
The Iberian Peninsula is an area of Infection by Haemoproteus payevskyi


https://www.mosquitocatalog.org/
https://epitools.ausvet.com.au/
https://epitools.ausvet.com.au/

Mora-Rubio et al. Parasites & Vectors

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

(2023) 16:395

and Haemoproteus nucleocondensus for the White-Throated Dipper
Cinclus cinclus. Ardeola. 2015;62:373-82.

Coon CAC, Garcia-Longoria L, Martin LB, Magallanes S, de Lope F, Marzal
A. Malaria infection negatively affects feather growth rate in the house
sparrow Passer domesticus. J Avian Biol. 2016;47:779-87.

Hernandez MA, Rojo MA, Campos F, Gutiérrez-Corchero F, Moreno-
Rueda G. Haemosporidian prevalence in Southern Grey Shrike Lanius
meridionalis nestlings: impact on body condition and geographic
distribution in the Iberian Peninsula. Bird Study. 2017,64:362-73.

Lopes RJ, Correia J, Batalha H, Cardoso GC. Haemosporidian parasites
missed the boat during the introduction of common waxbills (Estrilda
astrild) in Iberia. Parasitology. 2018;145:1493-8.

Muriel J, Graves JA, Gil D, Magallanes S, Salaberria C, Casal-Lopez M,

et al. Molecular characterization of avian malaria in the spotless starling
(Sturnus unicolor). Parasitol Res. 2018;117:919-28.

Ferraguti M, Martinez-De La Puente J, Garcfa-Longoria L, Soriguer R,
Figuerola J, Marzal A. From Africa to Europe: Evidence of transmission
of a tropical Plasmodium lineage in Spanish populations of house spar-
rows. Parasit Vectors. 2019;12:1-7.

Garcia-Longoria L, Marzal A, De Lope F, Garamszegi L. Host-parasite
interaction explains variation in the prevalence of avian haemosporid-
ians at the community level. PLoS ONE. 2019;14:0205624.
Parejo-Pulido D, Magallanes S, Vinagre-lzquierdo C, Valencia J, De La
Cruz C, Marzal A. Relationships between Haemosporidian infection and
parental care in a cooperative breeder, the Iberian Magpie Cyanopica
cooki. Ardeola. 2020,68:163-80.

Ortiz-Catedral L, Brunton D, Stidworthy MF, Elsheikha HM, Pennycott T,
Schulze C, et al. Haemoproteus minutus is highly virulent for Australasian
and South American parrots. Parasit Vectors. 2019;12:1-10.

Harl J, Himmel T, Valkitnas G, llgtinas M, Bakonyi T, Weissenbock H.
Geographic and host distribution of haemosporidian parasite lineages
from birds of the family Turdidae. Malar J. 2020;19:1-35.

Krizanauskiene A, Pérez-Tris J, Palinauskas V, Hellgren O, Bensch S,
Valkiunas G. Molecular phylogenetic and morphological analysis of
haemosporidian parasites (Haemosporida) in a naturally infected
European songbird, the blackcap Sylvia atricapilla, with description of
Haemoproteus pallidulus sp nov. Parasitology. 2010;137:217-27.
Medeiros MC, Ellis VA, Ricklefs RE. Specialized avian Haemosporida
trade reduced host breadth for increased prevalence. J Evol Biol.
2014;27:2520-8.

Hellgren O, Pérez-Tris J, Bensch S. A jack-of-all-trades and still a master
of some: prevalence and host range in avian malaria and related blood
parasites. Ecology. 2009;90:2840-9.

Palinauskas V, Valkiunas G, Bolshakov CV, Bensch S. Plasmodium relictum
(lineage P-SGS1): effects on experimentally infected passerine birds. Exp
Parasitol. 2008;120:372-80.

Hellgren O, Kutzer M, Bensch S, Valkiunas G, Palinauskas V. Identifica-
tion and characterization of the merozoite surface protein 1 (msp1)
gene in a host-generalist avian malaria parasite, Plasmodium relictum
(lineages SGS1 and GRW4) with the use of blood transcriptome. Malar J.
2013;12:1-9.

Nilsson E, Taubert H, Hellgren O, Huang X, Palinauskas V, Markovets MY,
et al. Multiple cryptic species of sympatric generalists within the avian
blood parasite Haemoproteus majoris. J Evol Biol. 2016;29:1812-26.
Sijoranda DC, Campbell J, Gartrell BD, Howe L. Avian malaria in
introduced, native and endemic New Zealand bird species in a mixed
ecosystem. N Z J Ecol. 2016;40:72-9.

Kim KS, Tsuda Y, Yamada A. Bloodmeal identification and detection of
avian malaria parasite from mosquitoes (Diptera: Culicidae) inhabiting
coastal areas of Tokyo Bay. Japan J Med Entomol. 2009;46:1230-4.

Inci A, Yildirim A, Njabo KY, Duzlu O, Biskin Z, Ciloglu A. Detection and
molecular characterization of avian Plasmodium from mosquitoes in
central Turkey. Vet Parasitol. 2012;188:179-84.

Garcia-Longoria L, Magallanes S, Huang X, Drews A, Raberg L, Marzal

A, et al. Reciprocal positive effects on parasitemia between coinfect-
ing haemosporidian parasites in house sparrows. BMC Ecol Evol.
2022;22:1-11.

Marzal A, Bensch S, Reviriego M, Balbontin J, De Lope F. Effects of
malaria double infection in birds: one plus one is not two. J Evol Biol.
2008;21:979-87.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Page 15 of 15

Marzal A, Asghar M, Rodriguez L, Reviriego M, Hermosell IG, Balbontin
J, et al. Co-infections by malaria parasites decrease feather growth but
not feather quality in house martin. J Avian Biol. 2013;44:437-44.
Garcia-Longoria L, Hellgren O, Bensch S, De Lope F, Marzal A. Detecting
transmission areas of malaria parasites in a migratory bird species.
Parasitology. 2015;142:1215-20.

Gangoso L, Aragonés D, Martinez-de la Puente J, Lucientes J, Delacour-
Estrella S, Estrada Pefna R, et al. Determinants of the current and future
distribution of the West Nile virus mosquito vector Culex pipiens in
Spain. Environ Res. 2020;188:109837.

Martinez-de La Puente J, Moreno-Indias I, Hernandez-Castellano LE,
Argello A, Ruiz S, Soriguer R, et al. Host-feeding pattern of Culex theileri
(Diptera: Culicidae), potential vector of Dirofilaria immitis in the Canary
Islands Spain. J Evol Biol. 2012;49:1419-23.

Martinez-De La Puente J, Ruiz S, Soriguer R, Figuerola J. Effect of blood
meal digestion and DNA extraction protocol on the success of blood
meal source determination in the malaria vector Anopheles atroparvus.
Malar J. 2013;12:1-6.

Haba Y, McBride L. Origin and status of Culex pipiens mosquito ecotypes.
Curr Biol. 2022;32:R237-46.

Huang S, Hamer GL, Molaei G, Walker ED, Goldberg TL, Kitron UD, et al.
Genetic variation associated with mammalian feeding in Culex pipiens
from a West Nile virus epidemic region in Chicago, lllinois. Vector Borne
Zoonotic Diseases. 2009;9:637-42.

Bravo-Barriga D, Gomes B, Almeida APG, Serrano-Aguilera FJ, Pérez-Mar-
tin JE, Calero-Bernal R, et al. The mosquito fauna of the western region
of Spain with emphasis on ecological factors and the characterization
of Culex pipiens forms. J Vector Ecol. 2017;42:136-47.

Fritz ML, Walker ED, Miller JR, Severson DW, Dworkin . Divergent host
preferences of above- and below-ground Culex pipiens mosquitoes and
their hybrid offspring. Med Vet Entomol. 2015;29:115-23.

Chevillon C, Eritja R, Pasteur N, Raymond M. Commensalism, adaptation
and gene flow: mosquitoes of the Culex pipiens complex in different
habitats. Genet Res (Camb). 1995;66:147-57.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Unravelling the mosquito-haemosporidian parasite-bird host network in the southwestern Iberian Peninsula: insights into malaria infections, mosquito community and feeding preferences
	Abstract 
	Bakground 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Study area and sample collection
	Morphological and molecular mosquito identification
	Molecular detection of haemosporidian infection
	Determination of insect blood meal sources
	Phylogenetic and statistical analyses

	Results
	Mosquito species composition and phenology
	Prevalence and genetic diversity of haemosporidian parasites in unfed and blood fed mosquitoes
	Seasonal distribution of haemosporidian infections
	Feeding source identification in blood-fed mosquitoes

	Discussion
	Conclusions
	Anchor 21
	Acknowledgements
	References


