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Abstract

Background Haemosporidian parasites of the genus Polychromophilus infect bats worldwide. They are vectored by
obligate ectoparasitic bat flies of the family Nycteribiidae. Despite their global distribution, only five Polychromophi-
lus morphospecies have been described to date. The two predominant species, Polychromophilus melanipherus and
Polychromophilus murinus, are broadly distributed and mainly infect miniopterid and vespertilionid bats, respectively.
In areas where species from different bat families aggregate together, the infection dynamics and ability of either
Polychromophilus species to infect other host families is poorly characterized.

Methods We collected 215 bat flies from two bat species, Miniopterus schreibersii and Rhinolophus ferrumequinum,
which sometimes form mixed clusters in Serbia. Miniopterus schreibersii is known to be frequently infected with P
melanipherus, whereas R. ferrumequinum has been observed to be incidentally infected with both Polychromophilus
species. All flies were screened for Polychromophilus infections using a PCR targeting the haemosporidian cytb gene.
Positive samples were subsequently sequenced for 579 bp of cytochrome b (cytb) and 945 bp of cytochrome oxidase
subunit 1 (coxT).

Results Polychromophilus melanipherus DNA was detected at six out of nine sampling locations and in all three
examined bat fly species collected from M. schreibersii (Nycteribia schmidlii, n=21; Penicillidia conspicua, n=8; Penicil-
lidia dufourii, n=3). Four and five haplotypes were found for cytb and coxT, respectively. Evidence for multiple Poly-
chromophilus haplotypes was found in 15 individual flies. These results point to a high diversity of P melanipherus
parasites in Miniopterus hosts and efficient transmission throughout the study area. A single Phthiridium biarticulatum
bat fly collected from R. ferrumequinum screened positive for P melanipherus, but only yielded a partial cox1 sequence
fragment. Nevertheless, this result suggests that secondary hosts (both bat and fly species) are regularly confronted
with this parasite.

Conclusions The results of this study provide new insights into the prevalence and distribution of Polychromophilus
parasites in European bats and their nycteribiid vectors. The use of bat flies for the non-invasive investigation of Poly-
chromophilus infections in bat populations has proven to be efficient and thus represents an alternative for large-scale
studies of infections in bat populations without the need to invasively collect blood from bats.
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Background

The order Haemosporida comprises over 500 spe-
cies from at least 15 described genera, which infect a
wide range of vertebrates and are transmitted by sev-
eral families of haematophagous dipterans [1, 2]. The
genus Polychromophilus is one of nine haemosporidian
genera that infect bats [3], but is the only genus with a
global distribution, which also includes the temperate
zones. Of the five described species of Polychromophi-
lus, two have been reported in Europe: Polychromophilus
melanipherus, which is mainly found in miniopterid bat
species [3-7], and P murinus, which primarily infects a
range of vespertilionid bat species [8—11]. However, both
species have been reported to infect bat species from
other families, including rhinolophids [7, 9]. A single case
of simultaneous infection with both species, based on
morphology, was reported from a Rhinolophus ferrum-
equinum in Italy [9]. Overall, patterns of host specificity
and exposure of bat individuals to both parasite species
remain poorly understood.

Polychromophilus parasites are vectored by nycteribiid
flies, which are wingless, haematophagous, obligate
ectoparasites of bats, and live within the pelage of their
hosts [12, 13]. Polychromophilus gametocytes (the ver-
tebrate blood stages of the parasite) are ingested by the
bat flies during a blood meal from an infected bat host.
After sexual development in the midgut of the bat fly, the
sporozoite stages migrate to the salivary glands of the fly
and are transferred to the bat during the next blood meal
[8,9].

Adult bat flies are unable to disperse more than a few
meters independently and transmission occurs mainly
by direct physical contact between bats. As fly offspring
pupate on roost walls, transmission may also take place
through successive use of the same roost sites by differ-
ent host species without direct physical contact. Most
nycteribiid fly species are highly host-specific [14, 15],
even when offered a chance to switch between them [16].
Nevertheless, occurrences on secondary hosts are occa-
sionally observed [17]. Therefore, spillover infections
of Polychromophilus parasites from individuals of one
bat species to another could occur if multiple bat spe-
cies cluster together or roost in close proximity within a
roost.

Natural caves and other large underground roosts often
provide shelter for more than one species of cave-dwell-
ing bats, which in some cases may form mixed-species
clusters [18, 19]. In Europe, the single representative of

the bat family Miniopteridae, Miniopterus schreiber-
sii, forms large colonies, often in association with other
cave-dwelling bat species of other bat families, such as
the vespertilionid species Myotis myotis, M. blythii, Myo-
tis capaccinii [20] and the rhinolophid species R. ferrum-
equinum [16]. Miniopterus schreibersii is considered a
regional migrant, usually changing roosts within 100 km
between seasons [21, 22], and rarely undertaking longer
migrations [23]. In contrast to M. schreibersii, the colo-
nies of R. ferrumequinum are smaller and the distances
between summer and winter roosts are shorter [23, 24].
Rhinolophus ferrumequinum often forms monotypic col-
onies, but may occasionally mix with Myotis emargina-
tus, Rhinolophus euryale, R. blasii and M. schreibersii [16,
25]. In Serbia, several roosts are known where both M.
schreibersii and R. ferrumequinum are present and some-
times form mixed clusters as well as sites where one of
the two species is absent [25].

In this study, we examined Polychromophilus para-
site infections in multiple species of nycteribiid bat
flies collected from M. schreibersii and R. ferrumequi-
num in Serbia and Bosnia and Herzegovina. We aimed
to characterize the prevalence and genetic diversity of
Polychromophilus infections in this system. Molecular
screening of flies provides an efficient method to quantify
the opportunity and frequency of parasite transmission,
without the need for more invasive blood sampling in
bats [6]. European Rhinolophus species have occasionally
been found to be infected with P murinus, with infec-
tions documented in single individuals of Rhinolophus
sp. from Bulgaria [26] and Rhinolophus hipposideros, R.
ferrumequinum and R. mehelyi in Bulgaria/Romania [7].
We investigated the presence of Polychromophilus para-
sites in flies collected from R. ferrumequinum to explore
whether infections occur in this host species in shared
roosts with Miniopterus bat hosts or whether the infec-
tions are present independently in R. ferrumequinum.
Since it is likely that the two focal host bat species are
infected with the two different haemosporidian species
P. melanipherus and P. murinus, we defined spillover as
infection of the fly species with the Polychromophilus
species not normally associated with the bat host from
which it was collected. We hypothesized that, despite the
high host specificity of the fly species previously observed
in this system (see Peji¢ et al. [16]), even accidental spill-
over would be sufficient to introduce both Polychromo-
philus species into each host/fly system, and allow their
persistence, when both bat species are present.
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Methods

Sampling

Nine different roosting sites were sampled, eight in Ser-
bia and one in Bosnia and Herzegovina [16], of which
four were shared by the bat species M. schreibersii and R.
ferrumequinum, four were exclusively used by M. schreib-
ersii and one by R. ferrumequinum (Fig. 1). Sampling was
conducted during the summer and autumn seasons in
2017 and 2018. Bats were captured using mist nets or by
hand net inside the roosts and released immediately after
processing. Bat flies were collected using fine-toothed
forceps and stored individually in 99% ethanol. Bat flies
were identified to species level both morphologically
(after Theodor [27]) and genetically [16]. A total of 215
bat flies (150 from M. schreibersii and 65 from R. ferrum-
equinum) were examined for the presence of Polychromo-
philus parasite DNA. The flies of M. schreibersii belonged
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to the three bat fly species Nycteribia schmidlii (n=133),
Penicillidia conspicua (n=14) and Penicillidia dufourii
(n=3). All bat flies from R. ferrumequinum were identi-
fied as Phthiridium biarticulatum (n=65) [16].

Molecular methods

DNA was extracted from the entire fly specimens using
the Mag-Bind Blood and Tissue DNA HDQ extraction
kit (Omega) according to the manufacturer’s protocols.
The extracted bat fly DNA was screened for the presence
of Polychromophilus parasite DNA, which could be pre-
sent in either the parasitic vector stages and/or the blood
meal content (which includes the Polychromophilus
gametocyte blood stages from the vertebrate host) of the
bat fly. An initial screening PCR targeted approximately
600 bp of the haemosporidian mitochondrial cytochrome
b (hereafter cytb) gene using the primer combination

6 Bela sala

2 Petrovaradin fortress 7 Toplik

8 Temska farm
9 Baloj

Fig. 1 Map of sampling sites in Serbia and Bosnia and Herzegovina. Insets: a Miniopterus schreibersii; b Rhinolophus ferrumequinum; ¢ Nycteribia
schmidlii; d Penicillidia conspicua; e Penicillidia dufourii; f Phthiridium biarticulatum
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3932F and DW4 [28]. PCR was performed using the
QIAGEN TopTaq Master Mix or the QIAGEN AllTaq
Master Mix Kit with 2—4 pl of genomic DNA as tem-
plate and 1 pl of each primer (10 mM) in a total volume
of 20 pl. For samples with confirmed Polychromophilus
infections (i.e. successful amplification using the 3932F-
DW4 primer pair), we sequenced both the amplified frag-
ment of cytb as well as a 950-bp fragment of cytochrome
oxidase 1 (hereafter cox1I) following established protocols
(Additional file 1: Table S1) [28, 29]. At least two inde-
pendent amplification attempts were performed per sam-
ple, and a positive control was included in all PCRs.

DNA sequencing and phylogenetic analysis

Nucleotide sequences were edited using Geneious Prime
2021.1 (https://www.geneious.com). Individual sequence
assemblies were manually checked, and sequences were
compared to resolve ambiguous base calls. Double
nucleotide peaks (>40% height at one nucleotide posi-
tion) in the sequence electropherograms of high-quality
sequence segments in individual sequence assemblies
were recorded as mixed haplotype infection. Double
peaks generally aligned with polymorphic sites, and the
two peaks corresponded to the two bases observed in
other haplotypes; therefore, we excluded the possibility
of a sequencing error. Ambiguous base calls were coded
with the corresponding IUPAC ambiguity code, and
missing data were coded as N. Sequences were subse-
quently aligned using the Muscle algorithm [30] imple-
mented in Geneious Prime 2021.1 and trimmed to obtain
uniform sequence lengths (579 bp for cyth, 945 bp for
cox1). Sequences were compared to reference sequences
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of Polychromophilus murinus and P. melanipherus on
GenBank (https://www.ncbi.nlm.nih.gov/genbank/) to
confirm species identity.

Sequences without ambiguous bases were used to
construct haplotype networks for cytb (n=13), coxl
(n=17) and a concatenation of both fragments (n=11).
Median-joining haplotype networks were constructed
in PopART v.1.7 [31] and labeled according to the bat fly
species from which the Polychromophilus sequence was
amplified. Finally, we compared the haplotypes obtained
in this study to all existing P melanipherus sequences
on GenBank [4-7, 32-40] for both cytb and cox1 (Addi-
tional file 1: Table S2). Both sequences were trimmed to
improve overlap with existing sequences (cytb: 479 bp,
n=119; coxI: 768 bp, n=>51). Median-joining haplotype
networks were constructed in PopART v.1.7 [31] and
labeled according to the country or region of origin.

Results

Prevalence

Polychromophilus DNA was detected in 33 of the 215
screened bat flies (15%), including individuals of all
four bat fly species examined and both bat host spe-
cies (Table 1). Infections were recorded at six out of
nine sampling locations (Table 1). Overall prevalence
was low (<5 infections per site), with the exception of
Dardagani, where 17 out of 20 bat flies were found to
be infected. Nearly all Polychromophilus infections were
detected in bat flies collected from M. schreibersii, with
only one infection detected in a bat fly collected from R.
ferrumequinum.

Table 1 Bat flies positive to presence of Polychromophilus DNA, by species and sampling sites, including summaries of the number of
mixed infections, and the overall prevalence per site and per fly species

Host species Miniopterus schreibersii

Rhinolophus ferrumequinum

Bat fly species Nycteribia schmidlii Penicillidia Penicillidia Phthiridium Mixed infection Overall prevalence
conspicua dufourii biarticulatum

1 Mali kamenolom 1/20 - - - 11 1/20

2 Petrovaradin fortress 1/9 3/5 - - 0/4° 4/14

3 Dardagani 10/13 4/4 3/3 - 1/17 17/20

4 Drenajicka cave 0/16 0/2 0/4 - 0/22

5 Petnica cave 5/16 1/3 - 0/7 2/5 5/26

6 Bela sala 0/20 - - - - 0/20

7 Toplik 1/20 - - 1°/20 1/22 2/40

8 Temska farm 4/19 - - 0/19 0/4 4/38

9 Baloj - - - 0/15 - 0/15

Total per species 21/133 8/14 3/3 1/65 15/33 33/215

2 One sample per site could not be amplified with sufficient quality to determine if the infection was composed of multiple haplotypes

b The single Ph. biarticulatum sample screened positive for Polychromophilus for both cytb and cox1, but sequencing of the PCR products was only successful for the

cox1 sequence


https://www.geneious.com
https://www.ncbi.nlm.nih.gov/genbank/

Baji¢ et al. Parasites & Vectors (2023) 16:170

Genetic diversity
All 33 parasite infections were identified as P mela-
nipherus parasites based on their cytb and/or coxI
nucleotide sequence identities with reference sequences
in NCBI. Remarkably, a high proportion of the positive
samples (15/33, Table 1) exhibited infections with mul-
tiple haplotypes, visible as a double nucleotide peak in
at least one base in either cytb or cox1 sequences (Addi-
tional file 1: Table S3).

For cytb (579 bp), 13 samples could be unambigu-
ously aligned, yielding four haplotypes (Fig. 2a). For
cox1 (945 bp), five haplotypes were found across the 17

a
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@ Nycteribia schmidlii
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O @ Fenicillidia conspicua

1sample () Penicillidia dufourii

Fig. 2 Haplotype network analysis of Polychromophilus melanipherus
parasites in the different bat fly species. a cytb (579 bp) n=13; b cox1
(945 bp) n=17.The line between haplotypes or nodes represents
one base change, unless otherwise labeled in parenthesis

HE H27 H28
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samples without ambiguous sites (Fig. 2b). The topology
of both networks is identical, with the exception of the
additional fifth haplotype in cox1. The haplotype network
of the concatenated dataset of samples where both cytb
and coxl nucleotide sequences were available without
ambiguities (11/33) was composed of four haplotypes
(note: no cytb sequence was available for the single sam-
ple with cox1-H5) (Additional file 1: Fig. S1).

Haplotypes were not structured according to location,
and no consistent clustering of haplotypes according to
bat fly species was observed. We were only able to obtain
a single short cox1-sequence (432 bp, albeit of high qual-
ity) for the single Polychromophilus infection detected in
a bat fly collected from R. ferrumequinum. This sequence
represented a mixed infection of haplotypes H1 and H4
and is thus not represented in the haplotype networks.

All four cytb haplotypes aligned with 100% pairwise
identity to previously published haplotypes (Fig. 3a). All
have been previously observed in Europe, and H1-H3
have also been reported from South Africa (Additional
file 1: Table S2). Two of the five cox1 haplotypes (H2, H5;
Fig. 3b) similarly shared 100% identity with published P
melanipherus haplotypes from Europe (Additional file 1:
Table S2) and two shared identity with haplotypes from
East Africa (H1, H5). The remaining cox1 haplotypes (H3
and H4) were not previously reported.

Discussion

In a sample of bat flies from two bat hosts that frequently
share roosts and occasionally form mixed clusters in Ser-
bia and Bosnia and Herzegovina, we detected the DNA

.
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Europe @ EastAfrica

WestAfrica @  South Africa
@ Central Africa Japan

Fig. 3 Haplotype network analysis of Polychromophilus melanipherus around the world a for the gene cytb (479 bp) n=119; b for the gene cox1
(768 bp), n=>51.The line between haplotypes or nodes represents one base change, unless otherwise labeled in parentheses
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of P. melanipherus in 15% of the 215 bat flies examined.
Positives were found in all four sampled fly species. All
but one of the positive detections were found in bat flies
collected from the bat M. schreibersii. Polychromophilus
infections were present at six out of nine sampling sites
in this study, and sequencing revealed that nearly half
(15/33) of all positive samples represented mixed infec-
tions with multiple P melanipherus haplotypes. Thus,
in line with surveys from surrounding countries [e.g. 6,
7], our results suggest that M. schreibersii bats and their
associated nycteribiid flies are frequent hosts of 2. mela-
nipherus in Serbia and Bosnia and Herzegovina.

We found a markedly higher prevalence in the two
investigated Penicillidia species (P. comnspicua 57%; P
dufourii 100%; N. schmidlii 15.8%), although sample
sizes were lower. Being nearly twice as large, we specu-
late that Penicillidia fly species may exhibit higher infec-
tion rates because they either take larger blood meals
or feed more frequently. This is particularly notable as
both Penicillidia species are oligoxenous and frequently
found on other cave-roosting species in the area [17, 41,
42]. Penicillidia dufourii has previously also been found
to be infected with P murinus in samples collected from
Myotis bat hosts [7]. Taken together, the high prevalence
of Polychromophilus in these fly species, their ability to
vector both European Polychromophilus species and their
broad bat host range perfectly exemplify the potential for
both Polychromophilus species to spill over in cave roosts
with mixed bat assemblages.

Despite this potential, our data suggest that Polychro-
mophilus infections in R. ferrumequinum bats and their
flies are rare in our study sites, as we detected Polychro-
mophilus DNA only in a single Ph. biarticulatum bat fly.
The single recovered coxI Polychromophilus sequence
originated from Toplik and represents a mixed haplotype
infection of two P melanipherus haplotypes (H1+H4),
which were also found in bat flies from M. schreibersii
in this study. This represents the first record of P. mela-
nipherus DNA from Ph. biarticulatum, which nearly
exclusively parasitizes rhinolophid bats (as was also
observed in this study system; [16]). In contrast, the other
Polychromophilus species present in Europe, P muri-
nus, has been found in three rhinolophid bat species,
including R. ferrumequinum [7], but no infections were
detected in the current study.

Overall, considering the intricate roost sharing and
the formation of mixed clusters between R. ferrum-
equinum and M. schreibersii, as well as other Myotis
bats, we posit that there might be barriers that limit
the persistence of Polychromophilus infections in R.
ferrumequinum and/or Ph. biarticulatum. Whether
this barrier is caused by the incompatibility of the bat
host or the reduced suitability of its bat flies as a vector
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remains to be investigated. For example, the single pos-
itive Ph. biarticulatum observed here might stem from
an infected R. ferrumequinum bat or could represent a
fly that recently took a blood meal from an infected M.
schreibersii bat and subsequently transferred to a R. fer-
rumequinum host. In either case, the detection of Poly-
chromophilus in the bat fly sample could indicate a true
infection of the bat fly (i.e. where the Polychromophilus
parasite successfully completes its sexual development
cycle in the fly host) or only be present in the most
recent blood meal that the fly took. Thus, the infection
source and ability of this fly species to vector the para-
site cannot be confirmed.

The 15 samples that yielded a mixed-haplotype infec-
tion may be the result of a bat fly feeding on two different
bat individuals that harbored different Polychromophi-
lus haplotypes. Coincidentally, most mixed haplotypes
were retrieved from sampling sites with high prevalence
of Polychromophilus infections. Mixed haplotypes have
only been described twice before for Polychromophilus
parasite infections [7, 43], while mixed haplotype infec-
tions are common in Hepatocystis, another haemospo-
ridian taxon that infects bats (among other mammals)
[43-45]. However, Hepatocystis parasites are transmit-
ted by Culicoides species (Ceratopogonidae), temporarily
haematophagous ectoparasites [1]. The high proportion
of mixed haplotype infections in our sample size suggests
that each of these bat individuals was repeatedly infected
with different Polychromophilus haplotypes transmit-
ted by different fly individuals. Alternatively, each fly
individual could have fed on different infected bat indi-
viduals (that featured different Polychromophilus haplo-
types) and developed a mixed infection in the process.
To answer this question, future studies could investigate
the Polychromophilus infection in both the blood sample
of the bat and its corresponding bat fly and compare the
Polychromophilus haplotypes. In general, Polychromophi-
lus haplotype analysis will help understanding bat/bat fly
interactions and transmission between bats through the
contact among bats from different roosts.

At a broader scale, our genetic results support the
notion that P. melanipherus is effectively dispersed over
large distances across the range of its Miniopterid bat
hosts [40]. The four cytb and five coxI unambiguously
aligned haplotypes of P melanipherus recovered here
were genetically diverse, each being separated by mul-
tiple polymorphisms. The four recovered cytb haplo-
types corresponded to sequences previously recovered
elsewhere in Europe or South Africa. For cox1, three of
the five haplotypes similarly corresponded to published
haplotypes from Europe or East Africa. Indeed, in a hap-
lotype network of all available sequence data, the haplo-
types recovered in this study were distributed throughout
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the overall network. This suggests either a comparatively
recent colonization of European populations or an ongo-
ing transmission across Miniopterus bat hosts through-
out the Eastern Hemisphere.

Conclusions

The results of this study provide new insights into the
prevalence, distribution and genetic diversity of Polychro-
mophilus parasites in European bats and their nycteribiid
vectors. We report a single case of spillover of P mela-
nipherus infection in a fly (Ph. biarticulatum) collected
from a R. ferrumequinum bat host. The use of bat flies for
the non-invasive study of Polychromophilus infections in
bat populations has proven to be very efficient (see also
[6, 7]) and thus represents an alternative for large-scale
investigations of infections in bat populations without
the need to invasively collect blood from bats.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513071-023-05786-1.

Additional file 1. Table S1: Primer names, sequences and sources of pro-
tocols used for their amplification; Table S2: GenBank accession numbers
of previously published sequences of cytb and cox1 genes of Polychromo-
philus melanipherus; Table S3: Overview of Polychromophilus melanipherus
cytb and cox1 haplotypes obtained; Figure S1: Haplotype network of
concatenated sequences of genes cytb and coxT of Polychromophilus
melanipherus 1524 bp long.

Acknowledgements

We thank Ina Rémer for assistance in the lab and to Gerald Kerth for facilitat-
ing the exchange visit. BB was supported by Deutscher Akademischer
Austauschdienst (DAAD) grant covering living expenses while doing a part of
experimental work in Greifswald, Germany.

Author contributions

BB, JB, JvS and JS designed the study. BB and IB collected the samples. BB and
OW conducted the laboratory work. JS, JvS, OW and BB performed the data
analysis. BB wrote the manuscript, with substantial input from JvS and JS. All
authors read and approved the final manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. Sampling for
this study was funded by Ministry of Education, Science and Technological
Development of Republic of Serbia, Contract No. 451-03-47/2023-01/200007.
JSis funded by an individual research grant from the German Research Foun-
dation (DFG,; Project No. 437846632).

Availability of data and materials

Nucleotide sequences generated during this study were deposited in
GenBank under accession nos. 0Q357633—0Q357642. Further information
regarding all positive samples is provided in Additional file 1: Table S3.

Declarations

Ethics approval and consent to participate

Bat capturing and handling were done in accordance with licenses issued by
responsible authorities in Serbia (nos. 353-02-502/2017-17; 353-01-1432/2017-
04; 353-01-675/2018-04) and Bosnia and Herzegovina (13-0-2/17 according to

Page 7 of 8

15.04-052-8793/16, 04-23-1469/16 and 08-3-28-2225-5/16), following ethical
and safety regulations regarding care and use of animals.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Department of Genetic Research, Institute for Biological Research “Sinisa
Stankovic’, National Institute of the Republic of Serbia, University of Belgrade,
Belgrade, Serbia. Department of Molecular Parasitology, Humboldt University,
Berlin, Germany. Department of Biological Sciences, Macquarie University,
North Ryde, NSW, Australia. *Department of Applied Zoology and Nature
Conservation, University of Greifswald, Greifswald, Germany.

Received: 1 March 2023 Accepted: 24 April 2023
Published online: 26 May 2023

References

1. Garnham PCC. Malaria parasites and other haemosporidia. London:
Blackwell Scientific; 1966.

2. Perkins SL. Malaria’s many mates: past, present, and future of the system-
atics of the order Haemosporida. J Parasitol. 2014;100:11-25.

3. Perkins SL, Schaer J. A modern menagerie of mammalian malaria. Trends
Parasitol. 2016;32:772-82.

4. Witsenburg F, Clément L, Lépez-Baucells A, Palmeirim J, Pavlinic |,
Scaravelli D, et al. How a haemosporidian parasite of bats gets around:
the genetic structure of a parasite, vector and host compared. Mol Ecol.
2015;24:926-40.

5. Witsenburg F, Salamin N, Christe P. The evolutionary host switches of
Polychromophilus: a multi-gene phylogeny of the bat malaria genus sug-
gests a second invasion of mammals by a haemosporidian parasite. Malar
J.2012;11:53.

6. SzentivanyiT, Markotter W, Dietrich M, Clément L, Angay L, Brun L, et al.
Host conservation through their parasites: molecular surveillance of
vector-borne microorganisms in bats using ectoparasitic bat flies. Para-
site. 2020;27:72.

7. Sandor AD, Péter A, Corduneanu A, Barti L, Cs6sz I, Kalmar Z, et al. Wide
distribution and diversity of malaria-related haemosporidian parasites
(Polychromophilus spp.) in bats and their ectoparasites in Eastern Europe.
Microorganisms. 2021;9:230.

8. Gardner RA, Molyneux DH. Polychromophilus murinus: a malarial
parasite of bats: life-history and ultrastructural studies. Parasitology.
1988;96:591-605.

9. Garnham PC. The zoogeography of Polychromophilus and description
of a new species of a gregarine (Lankesteria galliardi). Ann Parasitol Hum
comparée. 1973;48:231-42.

10. Megali A, Yannic G, Christe P. Disease in the dark: molecular char-
acterization of Polychromophilus murinus in temperate zone bats
revealed a worldwide distribution of this malaria-like disease. Mol Ecol.
2011;20:1039-48.

11. Witsenburg F, Schneider F, Christe P. Epidemiological traits of the malaria-
like parasite Polychromophilus murinus in the Daubenton’s bat Myotis
daubentonii. Parasit Vectors. 2014;7:566.

12. Hutson AM. Keds, flat-flies and bat-flies. Diptera, Hippoboscidae and Nyc-
teribiidae. In: Fitton MG, editor. Handbooks for the Identification of British
Insects. London: Royal entomological society of London; 1984. p. 44.

13. Dick CW, Patterson BD. Bat flies: obligate ectoparasites of bats. In: Morand
S, Krasnov BR, editors. Micromammals and macroparasites. Tokyo:
Springer; 2006. p. 179-94.

14. Dick CW, Patterson BD. Against all odds: explaining high host specificity
in dispersal-prone parasites. Int J Parasitol. 2007;37:871-6.

15. Lourengo SI, Palmeirim JM. How do ectoparasitic nycteribiids locate their
bat hosts? Parasitology. 2008;135:1205-13.

16. Peji¢ B, Budinski |, van Schaik J, Blagojevic J. Sharing roosts but not
ectoparasites: high host-specificity in bat flies and wing mites of


https://doi.org/10.1186/s13071-023-05786-1
https://doi.org/10.1186/s13071-023-05786-1

Baji¢ et al. Parasites & Vectors

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.
31

32.

33.

34

35.

36.

37.

38.

(2023) 16:170

Miniopterus schreibersii and Rhinolophus ferrumequinum (Mammalia:
Chiroptera). Curr Zool. 2022;68:507-16.

SzentivéanyiT, Estok P, Foldvari M. Checklist of host associations of
European bat flies (Diptera: Nycteribiidae, Streblidae). Zootaxa.
2016;4205:101-26.

Kerth G. Causes and consequences of sociality in bats. Bioscience.
2008;58:737-46.

Webber QMR, Willis C. Sociality, parasites, and pathogens in bats. In:
Ortega J, editor. Soc bats. Cham: Springer; 2016. p. 1-301.

Bendjeddou ML, Loumassine HA, Scheffler |, Bouslama Z, Amr Z. Bat
ectoparasites (Nycteribiidae, Streblidae, Siphonaptera, Heteroptera,
Mesostigmata, Argasidae, and Ixodidae) from Algeria. J Vector Ecol.
2017;42:13-23.

Rodrigues L, Palmeirim JM. Migratory behaviour of the Schreiber’s bat:
When, where and why do cave bats migrate in a Mediterranean region? J
Zool. 2008;274:116-25.

Dufresnes C, Dutoit L, Brelsford A, Goldstein-Witsenburg F, Clément L,
Lopez-Baucells A, et al. Inferring genetic structure when there is little:
population genetics versus genomics of the threatened bat Miniopterus
schreibersii across Europe. Sci Rep. 2023;13:1523.

Hutterer R, lvanova T, Mayer-Cords C, Rodrigues L. Bat migrations in
Europe: A review of banding data and literature. Bonn: Naturschutz und
biologische Vielfalt; 2005.

Peji¢ B, Budinski I, Paunovi¢ M, Karapandza B, Josipovic J. Veliki potkovicar,
Rhinolophus ferrumequinum, Greater horseshoe bat. In: Stankovi¢ D,
Paunovi¢ M, Rakovi¢ M, editors. Atlas migratornih ptica i slepih miseva
Srbije. Prirodnjacki muzej u Beogradu; 2018. p. 472-477.

Paunovi¢ M, Karapandza B, Budinski I, Stamenkovi¢ S. Fauna slepih miseva
(Mammalia, Chiroptera) Srbije. Petanovi¢ R, editor. Srp. Akad. Nauk. i
Umet. 2020.

Borner J, Pick C, Thiede J, Kolawole OM, Kingsley MT, Schulze J, et al.
Phylogeny of haemosporidian blood parasites revealed by a multi-gene
approach. Mol Phylogenet Evol. 2016,94:221-31.

Theodor O. An illustrated catalogue of the Rothschild collection of
Nycteribiidae (Diptera) in the British Museum (Natural History). London:
British Museum (Natural History); 1967.

Perkins S, Schall JJ. A molecular phylogeny of malarial parasites recovered
from cytochrome b gene sequences. PubMed J Parasitol. 2002,88:972-8.
Martinsen ES, Perkins SL, Schall JJ. A three-genome phylogeny of malaria
parasites (Plasmodium and closely related genera): evolution of life-
history traits and host switches. Mol Phylogenet Evol. 2008;47:261-73.
Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and
high throughput. Nucleic Acids Res. 2004,32:1792-7.

Leigh JW, Bryant D. POPART: full-feature software for haplotype network
construction. Meth Ecol Evol. 2015;6:1110-6.

Duval L, Robert V, Csorba G, Hassanin A, Randrianarivelojosia M, Walston J,
et al. Multiple host-switching of Haemosporidia parasites in bats. Malar J.
2007,6:157.

Schaer J, Perkins SL, Decher J, Leendertz FH, Fahr J, Weber N, et al. High
diversity of West African bat malaria parasites and a tight link with rodent
Plasmodium taxa. Proc Natl Acad Sci. 2013;110:17415-9.

Obame-Nkoghe J, Rahola N, Bourgarel M, Yangari P, Prugnolle F, Maganga
GD, et al. Bat flies (Diptera: Nycteribiidae and Streblidae) infesting cave-
dwelling bats in Gabon: diversity, dynamics and potential role in Polychro-
mophilus melanipherus transmission. Parasit Vectors. 2016;9:333.

Rosyadi |, Shimoda H, Takano A, Yanagida T, Sato H. Isolation and molecu-
lar characterization of Polychromophilus spp. (Haemosporida: Plasmo-
diidae) from the Asian long-fingered bat (Miniopterus fuliginosus) and
Japanese large-footed bat (Myotis macrodactylus) in Japan. Parasitol Res.
2022;121:2547-2559.

Ramasindrazana B, Goodman SM, Dsouli N, Gomard Y, Lagadec E,
Randrianarivelojosia M, et al. Polychromophilus spp. (Haemosporida) in
Malagasy bats: host specificity and insights on invertebrate vectors. Malar
J.2018;17:318.

Rosskopf SP, Held J, Gmeiner M, Mordmyiller B, Matsiégui PB, Eckerle |,

et al. Nycteria and Polychromophilus parasite infections of bats in Central
Gabon. Infect Genet Evol. 2018;68:30-4.

Rasoanoro M, Goodman SM, Randrianarivelojosia M, Rakotondratsimba
M, Dellagi K, Tortosa P, et al. Diversity, distribution, and drivers of Polychro-
mophilus infection in Malagasy bats. Malar J. 2021;20:157.

39.

40.

41.

42.

43.

44,

45.

Page 8 of 8

Lutz HL, Patterson BD, Kerbis Peterhans JC, Stanley WT, Webala PW,
Gnoske TP, et al. Diverse sampling of East African haemosporidians
reveals chiropteran origin of malaria parasites in primates and rodents.
Mol Phylogenet Evol. 2016,99:7-15.

Duval L, Mejean C, Maganga GD, Makanga BK, Mangama Koumba LB,
Peirce MA, et al. The chiropteran haemosporidian Polychromophilus
melanipherus: a worldwide species complex restricted to the family
Miniopteridae. Infect Genet Evol. 2012;12:1558-66.

Burazerovic¢ J, Orlova M, Obradovi¢ M, Cirovi¢ D, Tomanovic¢ S. Patterns

of abundance and host specificity of bat ectoparasites in the Central
Balkans. J Med Entomol. 2018;55:20-8.

Ivanova-Aleksandrova N, Dundarova H, Boyko. Ectoparasites of
cave-dwelling bat species in Bulgaria. Proc Zool Soc. 2022;75:463-468.
Thurber MI, Ghai RR, Hyeroba D, Weny G, Tumukunde A, Chapman

CA, et al. Co-infection and cross-species transmission of divergent
Hepatocystis lineages in a wild African primate community. Int J Parasitol.
2013/43:613-9.

Schaer J, Perkins SL, Ejotre |, Vodzak ME, Matuschewski K, Reeder DAM.
Epauletted fruit bats display exceptionally high infections with a Hepato-
cystis species complex in South Sudan. Sci Rep. 2017;7:6928.

Schaer J, McMichael L, Gordon AN, Russell D, Matuschewski K, Perkins SL,
et al. Phylogeny of Hepatocystis parasites of Australian flying foxes reveals
distinct parasite clade. Int J Parasitol Parasites Wildl. 2018;7:207-12.

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




	Non-invasive investigation of Polychromophilus parasite infections in bat populations in Serbia using bat flies
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Sampling
	Molecular methods
	DNA sequencing and phylogenetic analysis

	Results
	Prevalence
	Genetic diversity

	Discussion
	Conclusions
	Anchor 17
	Acknowledgements
	References


