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Abstract: Bat fleas (Insecta: Siphonaptera: Ischnopsyllidae) are highly host-specific ectoparasites
distributed worldwide (except Antarctica). The identification of flea species and the detection of flea-
borne pathogens plays a significant role not only in veterinary and public health, but also in providing
insights into the ecology, behaviour, and geographical distribution of fleas and flea-associated
pathogens. The present study aimed to conduct a morphological and molecular identification of fleas
collected from Lithuanian bats, as well as to screen for the presence of vector-borne pathogens. A total
of 58 flea specimens were collected from bats in Lithuania. Based on morphological analysis, seven
flea species were identified (Ischnopsyllus variabilis, 1. octactenus, I. simplex, I. elongatus, I. hexactenus,
Nycteridopsylla pentactena, and N. eusarca) and screened for the presence of Anaplasma spp., Borrelia
spp., Babesia spp., Bartonella spp., Rickettsia spp., and Mycoplasma spp. Molecular analysis of fleas” COI
and 18S rRNA genes showed that the flea species collected from bats are closely genetically related.
Bartonella DNA was detected in bat fleas (41.4%). No DNA of Anaplasma, Borrelia, Babesia, Rickettsia,
and Mycoplasma was amplified in the tested samples. The Wolbachia sp. was accidentally found in
I. elongatus. The phylogenetic analysis of four Bartonella genes (165-23S rRNA ITS, gltA, rpoB, and
groEL) revealed specificity to bats or bats’ ectoparasites. This is the first report about bat flea species
and the pathogens in bat fleas in Lithuania. New host records for bat fleas were also reported. This
study extends the knowledge about bat fleas and their role as vectors of different pathogens.

Keywords: Ischnopsyllus; Nycteridopsylla; phylogenetic analysis; Anaplasma; Borrelia; Babesia; Bartonella;
Rickettsia; Mycoplasma; Wolbachia

1. Introduction

Fleas (Siphonaptera) are globally distributed blood-sucking ectoparasites of mammals
and birds that can play an important role in transmitting various pathogens. Currently,
more than 2500 species in 16 families of fleas are known [1]. Fleas of the Ischnopsyllidae
family, consisting of 20 genera and 125 species, are mainly parasites of bats [2]. The fleas of
this family are highly host-specific but occasionally can be found on other bat species [3].

Bats (Chiroptera) are known as the second largest group of mammals, following
rodents [4,5]. They form dense and large colonies and are characterized by a long lifes-
pan [6]. These traits create appropriate conditions for bats to be reservoir hosts for different
pathogens [7]. During the COVID-19 pandemic period, bats triggered a great interest [8].
Many research studies have focused on bat-associated viruses. Meanwhile, information
about the bacterial pathogens in bats and their ectoparasites is limited [7,9].

In Lithuania, 15 bat species belonging to the Vespertilionidae family were recorded [10,11].
Only a few studies have focused on the distribution of Lithuanian bats [10,12]. Meanwhile,
the fauna of bat ectoparasites has not been investigated and the species composition of fleas
on Lithuanian bats is not known. Currently, no information about the pathogens circulating
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in Lithuanian bats and their ectoparasites is available. To date, only a small number
of studies have been published about the diversity of bat flea species [13-16] and the
pathogens they might carry in Europe [17,18]. This highlights a need for studies to obtain
knowledge about bat fleas and their role as vectors of different pathogens. Accordingly,
the aims of this study were (i) to perform a morphological and molecular identification
of the fleas collected from Lithuanian bats and (ii) to screen the presence of vector-borne
pathogens (Anaplasma spp., Babesia spp., Bartonella spp., Borrelia spp., Rickettsia spp., and
Mycoplasma spp.) in bat fleas.

2. Materials and Methods
2.1. Flea Collection and Species Identification

Fleas were collected from both live and deceased bats by brushing the fur with tweez-
ers, between 2019 and 2021. Live bats were either observed during ringing activities at the
Ventés Ragas Ornithological Station or incidentally found in buildings. The carcasses of
collected bats were stored at —40 °C and inspected for fleas before dissections. All aspects
of this study were performed according to guidelines established for the ethical treatment
of animals and complied with current Lithuanian regulations.

The fleas collected from each bat were placed in separate 1.5 mL tubes with 70%
ethanol and were kept at +4 °C until investigation. Fleas were morphologically identified
at the species level with taxonomic keys [19]. DNA was extracted from each specimen
individually, using 2.5% ammonium hydroxide, while retaining flea exoskeletons [20].
The flea exoskeletons were mounted on permanent slides in Canada balsam [21]. The
subsequent identification of the species was carried out by analysing the 18S ribosomal
RNA (18S rRNA) and cytochrome c oxidase subunit I (COI) genes.

Conventional PCR was performed to amplify a ~1000 bp fragment of flea 18S rRNA
using one primer set 18ai 5'-CCT GAG AAA CGG CTA CCA CAT C-3" and 18bi 5'-GAG
TCT CGT TCG TTA TCG GA-3’ [22]. Each 20 pL reaction contained 10 pL of 2x DreamTaq
Green PCR Master Mix (Thermo Fisher Scientific, Vilnius, Lithuania), 5 uL of nuclease-free
water, 1 uL (10 mM) of each primer, and 3 pL of DNA. The PCR reaction conditions were as
follows: initial denaturation at 94° for 2 min; followed by 35 cycles of denaturation at 94°
for 1 min, annealing at 58° for 1 min, and extension at 72° for 1 min; with a final extension
at 72° for 5 min, after the completion of all cycles. To amplify a 709 bp fragment of the
COI gene, conventional PCR with primers LCO1490 5'-GGT CAA CAA ATC ATA AAG
ATA TTG G-3’ and HCO2198 5'-TAA ACT TCA GGG TGA CCA AAA AAT CA-3" was
conducted [23]. The PCR reaction was performed in a 20 pL mixture containing 10 uL of 2x
DreamTaq Green PCR Master Mix (Thermo Fisher Scientific, Vilnius, Lithuania), 2.6 uL of
nuclease-free water, 1.7 pL. (10 mM) of each primer, and 4 pL of DNA. The PCR reaction
conditions were as follows: initial denaturation at 94° for 1 min; followed by 5 cycles at 94°
for 1 min, at 45° for 1.5 min, and at 72° for 1.5 min; followed by 35 cycles at 94° for 1 min,
at 50° for 1.5 min, and at 72° for 1 min; with a final extension at 72° for 5 min after the
completion of all cycles. All purified PCR products were prepared for DNA sequencing.

2.2. Pathogen DNA Amplification

Screening for the presence of six pathogens, Anaplasma spp., Borrelia spp., Babesia spp.,
Bartonella spp., Rickettsia spp., and Mycoplasma spp., was conducted by using different PCR
assays with specific primers, as previously described (Supplementary Table S1) [24—41].

Multiplex-tandem (MT) real-time PCR for vector-borne pathogens was used to screen
the samples. MT real-time PCR for Anaplasma, Borrelia, and Babesia species targeting msp2,
23S rRNA, and 18S rRNA genes, respectively, was run, as previously described [24,36]. To
further screen MT real-time PCR for Bartonella and Rickettsia species targeting ssrA and gltA
genes, respectively, was used, as previously described [31,36]. Results were considered
positive when repeats yielded cycle threshold (Ct) values <38.00. All flea samples were
further identified via conventional and nested PCRs targeting the specific genes of different
pathogens. All PCR reactions were performed as previously described (Supplementary
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Tables S1 and S2). Positive (DNA of target pathogen, confirmed by sequencing) and
negative (sterile, double-distilled water) controls were included in each PCR run. PCR
products were visualized under UV light after electrophoresis on 1.5% agarose gel with
ethidium bromide.

2.3. Sequencing

PCR products of all positive samples were extracted from agarose gel and purified
using the Gene]ET™ Gel Extraction Kit (Thermo Fisher Scientific, Vilnius, Lithuania) and
sent to a sequencing service (Macrogen, Amsterdam, The Netherlands). The obtained
DNA sequences were edited using the MegaX software package v10.2.6 [42] and aligned
with each other, as well as with the previously published sequences in GenBank using
the ClustalW multiple alignment option and BLASTn. The most appropriate model of
nucleotide substitution for each alignment data set was determined according to the
Bayesian information criterion (BIC). The phylogenetic tree was conducted using the
Maximum Likelihood method and Tamura 3-parameter model. Outgroup taxa were
obtained from GenBank. Bootstrap support was calculated by means of 1000 replicates.

Sequences for representative samples obtained in this study were submitted to the Gen-
Bank database under the accession numbers PP057939-PP057943 and PP407542-PP407543
for the flea 185 rRNA gene, PP425999-PP426007 for the flea COI gene, PP430158-PP430160
for the Wolbachia, PP296528-PP296548 for the Bartonella 165-235 rRNA ITS region, PP333876—
PP333895 for the Bartonella groEL gene, PP333854-PP333875 for the Bartonella rpoB gene, and
PP333838-PP333853 for the Bartonella gltA gene. Detailed information about the uploaded
Bartonella sequences to GenBank, with accession numbers, is provided in Supplementary
Table S3.

3. Results
3.1. Identification of Flea Species

A total of 58 fleas were collected from 41 bats, representing 6 species, Pipistrellus
nathusii (Keyserling and Blasius, 1839) (n = 32), Pipistrellus pygmaeus (Leach, 1825) (n = 2),
Nyctalus noctula (Schreber, 1774) (n = 4), Eptesicus nilssonii (Keyserling and Blasius, 1839)
(n = 1), Myotis daubentonii (Kuhl, 1817) (n = 1), and Barbastella barbastellus (Schreber, 1774)
(n = 1). Seven species of fleas were identified morphologically, Ischnopsyllus variabilis
(Wagner, 1898) (n = 24), Ischnopsyllus octactenus (Kolenati, 1856) (n = 16), Ischnopsyllus
simplex (Rothschild, 1906) (n = 6), Ischnopsyllus elongatus (Curtis, 1832) (n = 4), Nycteridopsylla
pentactena (Kolenati, 1856) (n = 5), Ischnopsyllus hexactenus (Kolenati, 1856) (n = 1), and
Nycteridopsylla eusarca (Dampf, 1908) (n = 1) (Supplementary Figures 51-57). One flea
specimen collected from N. noctula was unidentified to species level (Table 1).

Analysis of the 185 rRNA data revealed low variability, showing only one nucleotide
difference between the Ischnopsyllus and Nycteridopsylla genus (G and C, respectively). At
the genus level, all obtained sequences (1 = 23) were 100% identical to each other and
to sequences deposited in GenBank (Figure 1). Meanwhile, the partial sequences of the
COI gene showed divergences on an individual level among flea specimens. A total of six
variable positions were found between I. variabilis and four between 1. simplex specimens
(Supplementary Table S4). However, different bat flea species did not form separate clusters
(Figure 2). All sequences from Lithuanian bat fleas had a maximum similarity to fleas
from GenBank, varying between 93.8 and 100%. Moreover, the presence of Wolbachia
endosymbionts was detected in three I. elongatus specimens using COI gene fragments.
The NCBI BLAST analysis revealed that these sequences were 96.9-99.7% similar to the
Wolbachia endosymbiont found in other insect species.
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Table 1. Sex and number of flea species collected from bats in Lithuania.

Bat Species Flea Number, Sex, and Species

3,10 ? I. octactenus
P. nathusii 3,17 @ L variabilis
23,121 simplex

P. pygmaeus 0d,3 QL octactenus

14,09 N. eusarca

1,321 elongatus

N. noctula 14,29 I variabilis
0,1 Q Ischnopsyllus sp.

E. nilssonii 2 &, 3 Q N. pentactena
M. daubentonii 23,191 simplex
14,09 I hexactenus
B. barbastellus 0,1 QI variabilis
Total number (female/male ratio) 16 &, 42 9 (2.625, x2 = 58.34)

@ PP057941 Ischnopsyllus simplex (n=4) Lithuania
@ PP407542 Ischnopsyllus hexactenus (n=1) Lithuania

£ @ PP057940 Ischnopsyllus elongatus (n=4) Lithuania

@ PP057939 Ischnopsyllus variabilis (n=8) Lithuania

KM891200 Ischnopsyllus variabilis USA

KY593300 Ischnopsyllus octactenus China

@ PP057942 Nycteridopsylla eusarca (n=1) Lithuania

KM891159 Nycteridopsylla sakagutii USA

@ PP057943 Nycteridopsylla pentactena (n=5) Lithuania

EU336041 Ceratophyllus gallinae USA

e
0.0010

Figure 1. Phylogenetic tree of the Ischnopsyllidae flea species, based on the 18S rRNA gene sequences
constructed using the Maximum Likelihood method and Tamura 3-parameter model. Numbers on
the tree indicate bootstrap support (values <50 % not shown). Samples sequenced in the present
study are marked e. The number of samples represented by the sequence is given in parentheses (n =

X).
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@ PP426005 Ischnopsyllus simplex (n=3) from Myotis daubentonii Lithuania
@ PP426006 Ischnopsyllus variabilis (n=1) from Barbastella barbastellus Lithuania
@ PP426003 Ischnopsyllus simplex (n=1) from Pipistrellus nathusii Lithuania

3

)

OR597494 Ischnopsyllus variabilis Russia

MK 140073 Ischnopsyllus variabilis from Pipistrellus nathusii Netherlands

— @ PP426002 Ischnopsyllus variabilis (n=5) from Pipistrellus nathusii Lithuania
- @ PP426001 Ischnopsyllus variabilis (n=4) from Pipistrellus nathusii Lithuania

- @ PP426000 Ischnopsyllus variabilis (n=2) from Nyctalus noctula Lithuania
. MZ608674 Ischnopsyllus variabilis Finland
MZ609359 Ischnopsyllus variabilis Finland
— @ PP425999 Ischnopsyllus simplex (n=2) from Pipistrellus nathusii Lithuania

F MZ610205 Ischnopsyllus variabilis Finland

97

{Pv’IK14DU?? Ischnopsyllus variabilis from Eptesicus serotinus Netherlands
74

24 - @ PP426007 Ischnopsyllus elongatus (n=4) from Nyctalus noctula Lithuania

34 — MF000648 Ischnopsyllus octactenus from Vespertilio sinensis China

@ PP426004 Ischnopsyllus sp. (n=1) from Nyctalus noctula Lithuania
KM890989 Ischnopsyllus indicus USA

MG138325 Hystrichopsylla multidentata China

KM890917 Nycteridopsylla sakagutii

MZ660505 Ceratophyllus sciurorum

B
0.0z
Figure 2. Phylogenetic tree of the Ischnopsyllidae flea species based on the COI gene sequences
constructed using the Maximum Likelihood method and Tamura 3-parameter model. Numbers on
the tree indicate bootstrap support (values <50% not shown). Samples sequenced in the present study
are marked e. The number of samples represented by the sequence is given in parentheses (n = x).
3.2. Detection of Pathogens
Results of real-time PCR revealed the presence of Anaplasma (3.4%, 2/58), Borrelia
(5.2%, 3/58), Babesia (8.6%, 5/58), and Bartonella (41.4%, 24/58) DNA in bat fleas (Table 2).
No DNA of Rickettsia was detected in the tested samples. DNA from fleas was further tested
using a conventional and nested PCR for additional Anaplasma spp., Borrelia spp., Babesia
spp., Bartonella spp., Rickettsia spp., and Mycoplasma spp. identification. Only Bartonella
DNA was successfully detected in bat fleas (39.7%, 23/58) using nested PCR (Table 2). All
Bartonella-positive samples were subjected to sequence analysis.
Table 2. Summary of vector-borne pathogen detection results from fleas collected from bats in
Lithuania.
Lv. * Lo. * Ls. * Le.* Lh. * N.p.* N.e.* Lsp.* Total
Fathogen Gene n/N "N N N N nN wN  aN N
RT-PCR msp2 0/24 1/16 0/6 0/4 0/1 1/5 0/1 0/1 2/58
Anavlasma msp4 0/24 0/16 0/6 0/4 0/1 0/5 0/1 0/1 0/58
P 16S rRNA 0/24 0/16 0/6 0/4 0/1 0/5 0/1 0/1 0/58
groESL 0/24 0/16 0/6 0/4 0/1 0/5 0/1 0/1 0/58
RT-PCR 23S rRNA 1/24 0/16 0/6 0/4 0/1 1/5 0/1 0/1 2/58
Borreli ospA 0/24 0/16 0/6 0/4 0/1 0/5 0/1 0/1 0/58
OTTENA 168-23S rrs-rrIAITS  0/24 0/16 0/6 0/4 0/1 0/5 0/1 0/1  0/58
flA 0/24 0/16 0/6 0/4 0/1 0/5 0/1 0/1 0/58
Babesi RT-PCR 185 rRNA 3/24 0/16 1/6 0/4 0/1 0/5 0/1 0/1 4/58
avesta 18S rRNA 0/24 0/16 0/6 0/4 0/1 0/5 0/1 0/1  0/58
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Lv. * Lo. * Ls. * Le. * Lh. * N.p.* Ne.* Lsp. * Total
Pathogen Gene n/N n/N n/N n/N n/N n/N n/N n/N n/N
RT-PCR ssrA 14/24 6/16 1/6 3/4 0/1 0/5 0/1 0/1 24/58
165-23S rRNA ITS 14/24 6/16 1/6 2/4 0/1 0/5 0/1 0/1 23/58
Bartonella gltA 13/24 5/16 0/6 2/4 0/1 0/5 0/1 0/1 20/58
rpoB 14/24 6/16 0/6 3/4 0/1 0/5 0/1 0/1 23/58
groEL 14/24 6/16 0/6 3/4 0/1 0/5 0/1 0/1 23/58
Rickettsi RT-PCR gltA 0/24 0/16 0/6 0/4 0/1 0/5 0/1 0/1 0/58
ickettsia gltA 0/24 0/16 0/6 0/4 0/1 0/5 0/1 0/1 0/58
Mycoplasma 16S rRNA 0/24 0/16 0/6 0/4 0/1 0/5 0/1 0/1 0/58

* Lv.—I. variabilis; 1.o.—I. octactenus; 1.s.—I. simplex; 1.e.—I. elongatus; 1.h.—I. hexactenus; N.p.—N. pentactena;
N.e.—N. eusarca; I.sp.—Ischnopsyllus sp.; N—number of tested fleas, n—number of PCR-positive fleas.

3.3. Phylogenetic Analysis of Bartonella spp. in Fleas

The phylogenetic analysis of Bartonella spp. detected from bat fleas of three species
(L. variabilis, I. octactenus, and I. elongatus) collected from three different bat species (P. nathusii,
P. pygmaeus, and N. noctula) was conducted through the examination of partial gltA, groEL,
rpoB, and 165-23S rRNA ITS sequences.

A total of 16 partial gltA gene (334 bp) sequences from fleas were obtained in this
study. The derived sequences were clustered in three separate groups and had 23 variable
sites between each other. The BLAST analysis showed a 97-100% similarity with Bartonella
sp. sequences from the GenBank database. The sequences belonging to the first cluster
were 100% identical to the Bartonella sp. sequences from the I. variabilis species flea collected
from P. nathusii from the Netherlands. The second cluster sequences were 100% identical to
sequences derived from two bat species (Myotis emarginatus (Geoffroy Saint-Hilaire, 1806)
from Georgia and Pipistrellus sp. from United Kingdon). The sequences belonging to the
third cluster had a 97% similarity with the sequences derived from the N. eusarca species of
fleas from Ukraine (Figure 3).

A total of 20 partial groEL gene (290 bp) sequences were obtained in this study. Derived
sequences were clustered in 2 separate clades and had 21 variable sites between each other.
The BLAST analysis of sequences from the first cluster showed 97-99% similarity with
Bartonella sp. sequences from M. emarginatus and Eptesicus serotinus (Schreber, 1774) bat
species from Georgia. The rest of the sequences obtained in this study formed the second
cluster, which is unique and exhibited only a 94-95% similarity with sequences from
Rhinolophus ferrumequinum (Schreber, 1774) and Myotis blythii (Tomes, 1857) from Georgia
(Figure 4).

A total of 22 partial rpoB gene (819-831 bp) sequences were obtained in this study.
Derived sequences were clustered in 2 separate clades and had 100 variable sites between
each other. The BLAST analysis of sequences from the first cluster showed a 97-98% simi-
larity with sequences from the Clethrionomys rutilus (Pallas, 1779) vole from the USA and
the Myotis davidii (Peters, 1869) bat from China. The sequence from the second cluster had
a 93-96% similarity with sequences from the bat fly from China and the h. ferrumequinum
bat from Georgia and formed a unique cluster (Figure 5).
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PS43 - Pipistrellus nathusii / Ischnopsyllus variabilis (PP333853)
@ PS37 - Pipistrellus nathusii / Ischnopsyllus variabilis (PP333852)
@ PS36 - Pipistrellus nathusii / Ischnopsyllus variabilis (PP333851)
@ Ps3s5- Pipistrellus nathusii / Ischnopsyllus variabilis (PP333850)
@ PS34 - Pipistrellus nathusii / Ischnopsyllus octactenus (PP333849) I
@ Ps33- Pipistrellus nathusii / Ischnopsyllus variabilis (PP333848)
@ PS32 - Pipistrellus nathusii / Ischnopsyllus variabilis (PP333847)
Bartonella sp. 10F94 - Pipistrellus nathusii/lschnopsyllus variabilis - NL (MK140219)
Bartonella sp. 56T67 - Pipistrellus nathusii/Argas vespertilionis - NL (MK140224)
@ PS22 - Pipistrellus nathusii / Ischnopsyllus variabilis (PP333841)
@ Ps18- Pipistrellus nathusii / Ischnopsyllus variabilis (PP333840)
@ Ps17- Pipistrellus nathusii / Ischnopsyllus variabilis (PP333839)
@ Psi6- Pipistrellus nathusii / Ischnopsyllus variabilis (PP333838)
\\_{Banonella sp. 54M17 - Nyctalus noctula - NL (MK140243)

Bartonella sp. 13SBB - ectoparasite (Cimex pipistrelli) - NL (MK140225)
@ PS26 - Pipistrellus Pygmaeus / Ischnopsyllus octactenus (PP333844)
71| | @ Ps25- Pipistrellus Pygmaeus / Ischnopsyllus octactenus (PP333843) I I
@ PS24 - Pipistrellus Pygmaeus / Ischnopsyllus octactenus (PP333842)
7| Bartonella sp. M207 - Pipistrellus sp. - UK (AJ871614)
Bartonella sp. B44735 - Myotis emarginatus - GA (MK140379)
— Bartonella sp. 44724 - Myotis emarginatus - GA (KX300154)
B_4| Bartonella sp. 293BB - Myotis dasycneme/Cimex pipistrelli - NL (MK140242)
Bartonella sp. 174BB - Myotis dasycneme - NL (MK140233)
[— Bartonella sp. 210M147 - Myotis dasycneme - NL (MK140234)
P| Bartonella sp. NB-1.2 - ectoparasite (Siphonaptera sp.) - Fl (KF003137)
Bartonella sp. B1 - Myotis alcathoe - RO (MG914431)
Bartonella sp. 111BB - Myotis dasycneme/Cimex pipistrelli - NL (MK140227)
Banonena sp. 72768 - Pipistrellus pipistrellus/Argas vespertilionis - NL (MK140232)
Bartonella sp. M451 - Nyctalus noctula - UK (AJ871615)
Bartonella sp. 17SBB - ectoparasite (Cimex pipistrelli) - NL (MK140244)
Bartonella sp. M409 - Pipistrellus sp. - UK (AJ871611)
Bartonella sp. 198T155 - ectoparasite (Argas vespertilionis) - NL (MK140218)
@ Ps27- Nyctalus noctula / Ischnopsylius elongatus (PP333845) I I I
@ Ps29- Nyctalus noctula / Ischnopsyllus elongatus (PP333846)
Bartonella sp. UKR 2 - Nyctalus noctula/Nycteridopsylla eusarca - UA (ON511308)
Bartonella sp. UKR 1 - Nyctalus noctula/Nycteridopsylla eusarca - UA (ON511307)
Bartonella sp. 44731 - Myotis blythii - GA (KX300140)
Bartonella sp. 1160/1 - Myotis daubentonii - FI (KF003122)
Bartonella sp. SD-123/2015 - Myotis pequinius - CN (KX655815)
Bartonella sp. MP7-1 - ectoparasite (bat mite) - CN (MZ208697)
Bartonella sp. M62 - Myotis mystacinus - UK (AJ871612)
Bartonella sp. B3 - Myotis alcathoe - RO (MG914433)
Bartonella sp. 44722 - Eptesicus serotinus - GA (KX300200)
2 Bartonella sp. 1157/3 - Eptesicus nilssoni - FI (KF003115)
Bartonella sp. EN2-1 - Eptesicus nilssonii - JP (LC596942)
go Bartonella sp. EN19-2 - Eptesicus nilssonii - JP (LC596943)
Candid Bartonella mayoti is EYL-2008 - Homo sapiens - USA (FJ376732)
Bartonella taylorii AY584852
Bartonella vinsonii (MK984790)
Bartonella sp. 45-00398 - Homo sapiens - TH (GQ200857)
Bartonella rattimassiliensis MH748117
Bartonella grahamii KT445926
Bartonella tril OR117610
92 Bartonella krasnovii MH618794
—FBanonella sp. B2 - Nyctalus noctula - RO (MG914432)
Bartonella elizabethae KT327032
Bartonella sp. bug 23 - ectoparasite (Cimex adjunctus) - CA (KX807181)
Bartonella sp. 155293 - Eptesicus fuscus/Cimex adjunctus - USA (KY888210)
Bartonella washoeensis MN229493
Bartonella sp. 44706 - Rhinolophus ferrumequinum - GA (KX300169)
Bartonella sp. B44696 - Myotis emarginatus - GA (MK140376)
99! Bartonella sp. B44600 - Rhinolophus ferrumequinum - GA (MK140374)
Bartonella naantaliensis 2574/1 - Myotis daubentonii - FI (KF003129)
88, Bartonella sp. B44697 - Eptesicus serotinus - GA (MK140366)
Bartonella sp. 1095195 - Plecotus auritus/Spinturnix plecotina - BE (MK140217)
ggl| Bartonella sp. 16552 - Plecotus aumus/Spmtumlx plecotina - NL (MK140209)
Bartonella sp. 155M83 - yssidae sp. - NL (MK140204)
Banonella sp B32626 - Myotis nigricans - GT (MN529509)
Bartonella sp. 55CJ1024158 - Myotis myotis/Nycteribia kolenatii - RO (MK140282)
Bartonella quintana KY436602
Bartonella sp. GTHUB85 - Myotis myotis/Nycteribia kolenatii - HU (MK140310)
Bartonella sp. B40898 - Myotis nigricans - GT (MN529480)
Bartonella sp. 3eCJ182997 - Myotis myotis/Nycteribia kolenatii - RO (MK140326)
Bartonella bacilliformis DQ452940

| Bartonella bovis KJ909848

Bartonella chomelii KM215691
“l—iga Bartonella schoenbuchii AJ278183
Bartonella schoenbuchensis AJ564632

87

,— Bartonella rochalimae MG027987

Bartonella h KX001762

Bartonella tamiae Th239 - Homo sapiens - TH (DQ395177)
0.050

Figure 3. Phylogenetic tree (Maximum Likelihood, Tamura 3-parameter model, 1000 bootstrap
replicates) based on 285 bp alignment of Bartonella sp. gltA gene sequences. Samples sequenced in the
present study are marked e. The blue colour indicates sequences derived from bat hosts, while the
red colour sequences indicates those from ectoparasites associated with bats. The Roman numerals (I,
11, and III) indicate clusters.
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PS36 - Pipistrellus nathusii / Ischnopsyllus variabilis (PP333890)
PS37 - Pipistrellus nathusii / Ischnopsyllus variabilis (PP333891)
PS34 - Pipistrellus nathusii / Ischnopsyllus octactenus (PP333889)
PS32 - Pipistrellus nathusii / Ischnopsyllus variabilis (PP333887)
PS22 - Pipistrellus nathusii / Ischnopsyllus variabilis (PP333880)
PS18 - Pipistrellus nathusii / Ischnopsyllus variabilis (PP333878)
PS17 - Pipistrellus nathusii / Ischnopsyllus variabilis (PP333877)
PS16 - Pipistrellus nathusii / Ischnopsyllus variabilis (PP333876)
PS43 - Pipistrellus nathusii / Ischnopsyllus variabilis (PP333895)
@ PS24 - Pipistrellus Pygmaeus / Ischnopsyllus octactenus (PP333881) I
@ PS25 - Pipistrellus Pygmaeus / Ischnopsyllus octactenus (PP333882)
| | @ PS26 - Pipistrellus Pygmaeus / Ischnopsyllus octactenus (PP333883)
@ Ps38- Pipistrellus nathusii / Ischnopsyllus variabilis (PP333892)
'L_ Bartonella sp. 44722 - Eptesicus serotinus - GA (KX300201)
Bartonella sp. 44724 - Myotis emarginatus - GA (KX300155)
@ PS33 - Pipistrellus nathusii / Ischnopsyllus variabilis (PP333888)
E Bartonella washoensis - Spermophilus beecheyi - USA (AF484066)
93— Bartonella sp. - ectoparasite (Oropsylla hirsuta) - USA (DQ868317)
Bartonella silvatica - Apodemus speciosus - JP (AB440638)
Bartonella sp. 44731 - Myotis blythii - GA (KX300141)
Bartonella sp. 2839121 - Human (MH230168)
Bartonella vinsonii (AF014835)
Bartonella durdenii - Sciurus carolinensis - USA (EU294512)
97' Bartonella sp. - Sciurus carolinensis - UK (AF449763)
Bartonella sp. 44601 - Myotis blythii - GA (KX300113)
Bartonella sp. 44622 - Myotis blythii - GA (KX300124)
Bartonella sp. 44706 - Rhinolophus ferrumequinum - GA (KX300171)
® Ps20- Pipistrellus nathusii / Ischnopsyllus variabilis (PP333879)
® Ps42- Pipistrellus nathusii / Ischnopsyllus variabilis (PP333894)
@ PS41 - Pipistrellus nathusii / Ischnopsyllus octactenus (PP333893)
@ PS27 - Nyctalus Noctula / Ischnopsyllus elongatus (PP333884) I I
@ Ps28 - Nyctalus Noctula / Ischnopsyllus elongatus (PP333885)
@ Ps29- Nyctalus Noctula / Ischnopsyllus elongatus (PP333886)
| E Bartonella japonica - Apodemus argenteus - JP (AB440634)
94 Bartonella sp. SE-Bart-A - Ectoparasite (Xenopsylla cheopis) - EG (DQ166941)
Bartonella henselae (BHU96734)
Bartonella quintana (RQU78515)
Bartonella sp. 44591 - Myotis blythii - GA (KX300108)
Bartonella sp. B44711 - Myotis blythii - GA (KY679158)
Bartonella sp. 44719 - Myotis blythii - GA (KX300137)
Bartonella sp. 44544 - Myotis emarginatus - GA (KX300146)
Bartonella sp. 44528 - Rhinolophus euryale - GA (KX300159)
Bartonella sp. B44599 - Miniopterus schreibersii - GA (KY679156)
Bartonella sp. 44552 - Rhinolophus ferrumequinum - GA (KX300162)
78, Bartonella sp. 44530 - Miniopterus schreibersii - GA (KX300184)
Bartonella sp. 44608 - Miniopterus schreibersii - GA (KX300196)
Bartonella sp. 44593 - Miniopterus schreibersii - GA (KX300189)
80 Bartonella sp. 44602 - Myotis blythii - GA (KX300118)
Bartonella chomelii - AB290191
Bartonella clarridgeiae (EU571941)
Bartonella sp. 44617 - Myotis emarginatus - GA (KX300150)
Bartonella rochalimae (JX846497)
Bartonella elizabethae (AF014834)
Bartonella grahamii (AF014833)
100 Bartonella taylorii (AF304017)
Bartonella bovis (KR733186)
Bartonella sp. 44718 - Pipistrellus pygmaeus - GA (KX300180)
Bartonella tamiae Th239 - Homo sapiens - TH (DQ395179)

85

—
0.050

Figure 4. Phylogenetic tree (Maximum Likelihood, Tamura 3-parameter model, 1000 bootstrap
replicates) based on 290 bp alignment of Bartonella sp. groEL gene sequences. Samples sequenced in
the present study are marked e. The blue colour indicates sequences derived from bat hosts, while
the red colour indicates sequences from ectoparasites associated with bats. The Roman numerals (I,
1I) indicate clusters.
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@ PS37 - Pipi nathusii / iabilis (PP333871)

p nathusii / iabilis (PP333875)
ipi nathusii / iabilis (PP333870)
ipi nathusii / iabilis (PP333869)
pi nathusii / octactenus (PP333868)
p nathusii / iabilis (PP333866)

o nathusii / iabilis (PP333865)
nathusii / variabilis (PP333856) I
nathusii / iabilis (PP333855)

,4| || @ PS22- Pipistrellus nathusii / iabilis (PP333858)
@ PS16 - Pipi is nathusii / iabilis (PP333854)
@ Ps33 - Pipi nathusii / iabilis (PP333867)
@ PS38 - Pipi nathusii / iabilis (PP333872)
oalf @ PS25- Pipi P / ta (PP333860)
@ Ps24 - Pipi : / (PP333859)
@ Ps26-F P / (PP333861)

Banonella sp. EYL-2008 - Human (FJ376736)
E Bartonella sp. Cr28649 - Clethrionomys rutilus - USA (EU979536)
Bartonella sp. FP4-2 - ectoparasite (bat fly) - CN (MZ208756)
Bartonella sp. 44731 - Myotis blythii - GA (KX300143)
Bartonella sp. P16-1 - Bat - CN (MN873558)
Bartonella sp. FS3-11 - ectoparasite (bat fly) - CN (MZ208753)
Bartonella sp. S883 - Myotis davidii - CN (MZ208765)
Bartonella sp. P12-1 - Bat - CN (MN873552)
sp. MP7-1 - ite (bat mite) - CN (MZ208760)
75| Bartonella sp. FP4-3 - ectoparasite (bat fly) - CN (MZ208741)
Bartonella sp. P04-3 - Bat - CN (MN873541)
Bartonella sp. 44724 Myotis emarginatus - GA (KX300157)
sp. 44722 - inus - GA (KX300203)
Bartonella sp. EN2-1 - Eptesicus nilssonii - JP (LC596945)

sp. 182 - Myodes glareolus - CH (MZ680473)

Bartonella sp. 135 - Myodes glareolus CH (MZ680468)
74) PS20 - Pipi: nathusii / Al iabilis (PP333857)

100 @ PS42- Pipi nathusii / iabilis (PP333874)
@ P528 - Nyctalus Noctula / (PP333863) “
88 @ Ps27- Nyctalus Noctula / Ischnopsylius elongatus (PP333862)
. PS29 - Noct

y ula / p: (PP333864)

— @ Ps41 - Pipi nathusii / (PP333873)
Bartonella sp. 44706 - Rhinolophus ferrumequinum - GA (KX300173)
Barlonella sp. 44622 - Myotis blythii - GA (KX300122)
Bartonella sp. B32626 - Myotis nigricans - GT (MN529459)
Bartonella sp. B32942 - Myotis sp. - PE (MN270140)
Bartonella sp. FP1-1 - ectoparasite (bat fly) - CN (MZ208754)

sp. FS52 - ectoparasite (bat fly) - CN (MZ208740)
Bartonella sp. FP8-2 - ectoparasite (bat fly) - CN (MZ208745)
Bartonella sp. P08-2 - Bat - CN (MN873546)

—’— Bartonella mbocorum (AF165996)

s Bartonella taylorii (MH547323)
95’—{ Bartonella sp. 187 - Arvicola scherman - CH (MZ680475)
L

ii (JN647927)
q (LC031778)
Bartonella (KF246546)
Bartonella i (FJ147196)

(AF165990)
bacilliformis (AF165988)
Bartonella bovis (KJ909809)
Bartonella schoenbuchensis (OP894360)
Bartonella chomelii (KM215709)

0.050

Bartonella tamiae Th239 - Homo Sapiens - TH (EF091855)

Figure 5. Phylogenetic tree (Maximum Likelihood, Tamura 3-parameter model, 1000 bootstrap
replicates) based on 757 bp alignment of Bartonella sp. rpoB gene sequences. Samples sequenced in
the present study are marked e. The blue colour indicates sequences derived from bat hosts, while
the red colour indicates sequences from ectoparasites associated with bats. The Roman numerals (I,
II) indicate clusters.

A total of 21 partial (717-836 bp) 165-23S rRNA ITS region sequences were obtained in
this study. Derived sequences were clustered in 3 separate clades and had 290 variable sites
between each other. The first clade sequences clustered near the Bartonella sp. sequence from
M. emarginatus from Georgia and had an 89% similarity. The second clade compounded
five unique sequences, obtained in our study, and exhibited the highest similarity (90%) to
the Bartonella sequences from the Cimex adjunctus (Barber, 1939) bat bug from the USA. The
third clade contains only one sequence derived from our study which has a 99.8% similarity
to the Bartonella sp. from M. blythii from Georgia (Figure 6).
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PS37 - Pipistrellus nathusii / Ischnopsyllus variabilis (PP296544)
PS43 - Pipistrellus nathusii / Ischnopsylius variabilis (PP296548)
PS36 - Pipistrellus nathusii / Ischnopsyllus variabilis (PP296543)
PS35 - Pipistrellus nathusii / Ischnopsyllus variabilis (PP296542)
PS34 - Pipistrellus nathusii / Ischnopsyllus octactenus (PP296541)
PS33 - Pipistrellus nathusii / Ischnopsyllus variabilis (PP296540)
PS32 - Pipistrellus nathusii / Ischnopsyllus variabilis (PP296539)
PS22 - Pipistrellus nathusii / Ischnopsyllus variabilis (PP296533) I
PS18 - Pipistrellus nathusii / Ischnopsyllus variabilis (PP296530)
PS16 - Pipistrellus nathusii / Ischnopsyllus variabilis (PP296528)

PS17 - Pipistrellus nathusii / Ischnopsyllus variabilis (PP296529)

<{ @ PS24 - Pipistrellus Pygmaeus / Ischnopsyllus octactenus (PP296534)
0

-

@ PS25- Pipistrellus Pygmaeus / Ischnopsyllus octactenus (PP296535)
o| @ PS26 - Pipistrellus Pygmaeus / Ischnopsyllus octactenus (PP296536)
@ PS38 - Pipistrellus nathusii / Ischnopsyllus variabilis (PP296545)
Bartonella sp. 14 - Myotis emarginatus - GA (KX420719)
92 Bartonella sp. - Homo sapiens (FJ376735)
72 Bartonella sp. 44731 - Myotis blythii - GA (MF288117)
97, 100' Bartonella sp. 28 - Myotis blythii - GA (KX420734)

100

B.vinsonii (L35102)
B.grahamii (AF442953)
|— ® Ps41- Pipistrellus nathusii / Ischnopsyllus octactenus (PP296546)

@ PS42- Pipistrellus nathusii / Ischnopsyllus variabilis (PP296547) "
100] @ PS27 - Nyctalus Noctula / Ischnopsyllus elongatus (PP296537)
@ Ps29- Nyctalus Noctula / Ischnopsyllus elongatus (PP296538)
73 B.washoensis - Tamiasciurus hudsonicus - JP (AB674246)
100,—’: Bartonella sp. - Martes melampus - JP (AB674236)
B.volans - Glaucomys volans - USA (EU294521)
4|— B.washoeensis - Sciurus vulgaris - LT (MH547359)

AB602557 B.jaculi Jaculus orientalis Egypt

96; @ PS20 - Pipistrellus nathusii / Ischnopsyllus variabilis (PP296532)
100)

7| Bartonella sp. - Myonyssus gigas - LT (OM102629)
100|| B-taylorii - Microtus oeconomus - Lithuania

—| Bartonella sp. - Laelaps agilis - LT (OM104097)

B.taylorii - Apodemus flavicollis - LT (MH547342)
100y B.doshiae - Microtus agrestis - LT (MH547344)

B.doshiae (AF442954)

B.alsatica (AF312506)
Bartonella quintana (HQ014622)
B.henselae - Canis lupus familiaris - CH (JQ009430)
100’ B.henselae (AF369529)

100[ Bartonella sp. 188 - Myotis blythii - GA (KX420715) "I |
@ PS19 - Pipistrellus nathusii / Ischnopsyllus simplex (PP296531)

99

0.20

— Bartonella sp. - Meles anakuma - JP (AB674235)
100 Bartonella sp. - Felis catus - LT (MZ061901)

Bartonella sp. - Ctenocephalides felis - AT (HM990962)
B.clarridgeiae (EU589237)

Figure 6. Phylogenetic tree (Maximum Likelihood, Tamura 3-parameter model, 1000 bootstrap
replicates) based on 574 bp alignment of Bartonella sp. 165-23S rRNA ITS sequences. Samples
sequenced in the present study are marked e. The blue colour indicates sequences derived from bat
hosts, while the red colour indicates sequences from ectoparasites associated with bats. The Roman
numerals (I, II, and III) indicate clusters.

4. Discussion

The present study is the first report on fleas infesting bats in Lithuania. This finding
presents seven flea species (I. variabilis, 1. octactenus, I. simplex, 1. elongatus, 1. hexactenus,
N. pentactena, and N. eusarca), extending the knowledge about the Lithuanian flea fauna.
Also, it presents new data about the distribution of fleas belonging to the Ischnopsyllidae
family in Europe.

Ischnopsyllus octactenus and I. variabilis were the main flea species collected from bats
in this study. They are distributed in Europe, North Africa, and Central Asia [21]. In this
study, I. octactenus was collected from both P. nathusii and P. pygmaeus, while I. variabilis
was collected from P. nathusii, N. noctula and B. barbastellus. As far as we know, this is the
first report of the I. variabilis flea species being collected from B. barbastellus. Pipistrellus spp.
Bats are the principal host of these fleas [3]. However, there are records of findings on other
bat species [3,15,43].

Six specimens of the flea I. simplex were collected from the M. daubentonii and P. nathusii
bat species. To the best of our knowledge, this is the first report of the I. simplex flea species
parasitizing P. nathusii. Previously, it was recorded on bats of Myotis spp., Rhinolophus spp.,
B. barbastellus, Plecotus auritus, Eptesicus nilssonii, Vespertilio murinus, and P. pipistrellus from
European countries [3,15,43].
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Ischnopsyllus elongatus was found on the N. noctula bat species in this study. Nyctalus
noctula is the principal host of this flea species. It is distributed in Europe and Asia and was
also previously recorded on other bat species [3,15,21,43].

Bats of Plecotus auritus and Myotis sp. are the principal hosts for fleas of the I. hexactenus
species [3,21]. In this study, one specimen of I. hexactenus was found on B. barbastellus.
This is not surprising as it has also been detected in other European countries [13,15,21].
Moreover, this flea species was reported from bats of the Pipistrellus, Plecotus, and Eptesicus
genera [3,13,15].

According to Table 1, two winter flea species were found, as follows: N. eusarca and
N. pentactena. One specimen of N. eusarca has been observed from N. noctula, which is the
true host of these rare fleas [3,15,18,21]. Meanwhile, five specimens of N. pentactena were
found on E. nilssonii. These flea species are distributed in European countries. Previously,
they were recorded from bats of B. barbastellus, Plecotus spp., Myotis spp., Pipistrellus spp.,
Eptesicus serotinus, Miniopterus schreibersii, and Rhinolophus ferrumequinum [3,15,18,21].

The identification of flea species based on morphological characteristics can sometimes
lead to misidentifications. Furthermore, recent studies have shown the presence of cryptic
species between Siphonaptera [44,45]. For this reason, molecular data are needed to confirm
the species of fleas. According to Figures 1 and 2, two of the most frequently used genes
(COI and 18S rRNA) did not reveal intraspecific variation. The phylogenetic analysis of
the 185 rRNA gene allowed us to separate fleas only to the genus level. This analysis was
complicated by the fact that currently, only three 18S rRNA gene sequences of Ischnopsyllus
spp- and five of Nycteridopsylla spp. are deposited in the GenBank. Moreover, previous
studies conducted with other flea species also demonstrated that the phylogenetic analysis
of 18S rRNA shows differences only above the species level [46]. Despite a larger number
of COI gene sequences in the GenBank (n = 18), a detailed phylogenetic analysis was not
feasible due to the fact that most of the sequences are from the I. variabilis flea species.
Unlike the 185 ¥RNA gene, this gene revealed that all analysed bat flea species belonged to
a single cluster. According to other authors, bat fleas belong to a monophyletic family [2,47].
Possibly, flea species of the Ischnopsyllidae family may be closely genetically related to each
other; therefore, further research with additional genetic markers is needed in the future.

Wolbachia endosymbionts were accidentally detected in I. elongatus flea species. Pre-
vious studies indicated that the LCO1490 and HCO2198 primers targeting the COI gene
may lead to the amplification of Wolbachia DNA rather than the host’s [48,49]. Also, bat
fleas as hosts for Wolbachia spp. have been detected in recent studies [18,50,51]. However,
the detection of Wolbachia endosymbionts in bat fleas is not unexpected, considering their
widespread occurrence in many insect species.

In this study, we screened the fleas collected from bats for pathogens, including
Anaplasma, Borrelia, Babesia, Bartonella, Rickettsia, and Mycoplasma, which have been previ-
ously detected in bats or their ectoparasites [5,7,9,17,18,52]. Only the detection of Borrelia
spp- (3/58) and Anaplasma sp. (2/58) were exclusively achieved through real-time PCR
(Table 2). However, efforts to amplify those samples for sequence analysis were unsuc-
cessful, leaving the samples without further identification. Furthermore, real-time PCR
screening showed a 41.4% (24/58) overall infection rate with Bartonella spp. in the tested
fleas. Bats, in particular, are recognized as reliable reservoirs for novel Bartonella species,
contributing significantly to the overall diversity observed in these bacteria. While most
studies have focused on detecting Bartonella in the blood and associated ectoparasites of
bats, such as ticks, mites, cimicid bugs, and bat flies [5,9,17,18,52,53], only a few have
reported on the prevalence of Bartonella in bat-associated fleas [5,18,54]. Five genetic loci
(ssrA, gltA, rpoB, groEL, and 165-235 rRNA ITS) have been used for Bartonella characteriza-
tion in this study. More detailed studies are needed to confirm fleas as competent vectors
of Bartonella in bats. To the best of our knowledge, this is the first comprehensive study on
the prevalence of Bartonella in fleas associated with bats in Europe. The Bartonella sp. has
previously been detected only in N. eusarca fleas (7 positive out of 100 tested) in Ukraine [18],
Sternopsylla texanus (Jordan and Rothschild, 1921) fleas (1 positive out of 11 tested) in the
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USA [54], Thaumapsylla breviceps (Rothschild, 1907) fleas (4 positive out of 61 tested) in South
Africa [5], Ischnopsyllus needhami (Hsu Yinch'i, 1935) fleas (79 positive out of 174 tested)
in Japan [55], and unidentified bat fleas (2 positive pools out of 3 tested) in China [56].
The BLAST analysis and topology of the phylogenetic trees showed that the Bartonella
sequences derived in this study were similar to other bat-associated Bartonella sequences
from the GenBank database and shared the same clusters at all four tested loci (g/tA, rpoB,
groEL, and 165-23S rRNA ITS). These findings confirm many other authors’ conclusions
about the high host/vector specificity of bat-associated Bartonella [18,39,55,57-59].

5. Conclusions

To conclude, this study showed that the flea species diversity on Lithuanian bats
is high. Herein, we report the first detection of the I. variabilis flea species on the B.
barbastellus bat species and the I. simplex flea species on the P. nathusii bat species. The
phylogenetic analysis of flea species indicated the necessity for additional research. In the
future, Ischnopsyllidae family fleas should be further explored using additional or other
genetic markers that would help confirm the taxonomy of flea species. Additionally, this
is the first report of Bartonella infection in bat fleas in the Baltic region. More research is
needed to specify Bartonella strains for different bats and their flea species.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/d16040192/s1, Table S1: PCR target genes and primers that were
used in this study; Table S2: Detailed PCR protocols for Bartonella spp. detection; Table S3: GenBank
accession numbers for Bartonella sp. from Lithuanian bat fleas; Table S4: Variable nucleotide positions
of COI gene fragments in studied bat flea species; Figure S1: Ischnopsyllus variabilis general view
of male (a) and female (b); Figure S2: Ischnopsyllus octactenus general view of male (a) and female
(b); Figure S3: Ischnopsyllus simplex general view of male (a) and female (b); Figure S4: Ischnopsyllus
elongatus general view of male (a) and female (b); Figure S5: Nycteridopsylla pentactena general view
of male (a) and female (b); Figure S6: Ischnopsyllus hexactenus general view of male; Figure S7:
Nycteridopsylla eusarca general view of male.
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