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Abstract

could be mediated by bat flies.

Taiwanese bats.

Background: Bats are hosts for many ectoparasites and act as reservoirs for several infectious agents, some of which
exhibit zoonotic potential. Here, species of bats and bat flies were identified and screened for microorganisms that

Methods: Bat species were identified on the basis of their morphological characteristics. Bat flies associated with bat
species were initially morphologically identified and further identified at the genus level by analyzing the cytochrome
c oxidase subunit | gene. Different vector-borne pathogens and endosymbionts were screened using PCR to assess all
possible relationships among bats, parasitic bat flies, and their associated organisms.

Results: Seventy-four bat flies were collected from 198 bats; 66 of these belonged to Nycteribiidae and eight to
Streblidae families. All Streblidae bat flies were hosted by Rhinolophus ferrumequinum, known as the most common
Korean bat. Among the 74 tested bat flies, PCR and nucleotide sequencing data showed that 35 (47.3%) and 20
(27.0%) carried Wolbachia and Bartonella bacteria, respectively, whereas tests for Anaplasma, Borrelia, Hepatozoon,
Babesia, Theileria, and Coxiella were negative. Phylogenetic analysis revealed that Wolbachia endosymbionts belonged
to two different supergroups, A and F. One sequence of Bartonella was identical to that of Bartonella isolated from

Conclusions: The vectorial role of bat flies should be checked by testing the same pathogen and bacterial organisms
by collecting blood from host bats. This study is of great interest in the fields of disease ecology and public health
owing to the bats' potential to transmit pathogens to humans and/or livestock.
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Background

As a group, bats include approximately 1432 species [1].
Several bat species are key to their ecosystems and also
act as pathogen reservoirs [2]. Bat viruses are of great
interest in disease ecology and public health owing to
their potential to infect humans and livestock [3]. More-
over, bacteria and protozoa have also been detected
in bats. Bartonella bacteria and Trypanosoma cruzi
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protozoa, which are associated with bats, have also been
detected in humans, making these bat-related organ-
isms an urgent public health concern [4, 5]. Bats harbor
several ectoparasites, including bat flies, fleas, and cer-
tain arachnids, such as mites and ticks. Bat fly families
Nycteribiidae and Streblidae belong to the superfamily
Hippoboscoidea, which also includes the families Hip-
poboscidae (louse flies and keds) and Glossinidae (tsetse
flies), and are the most common bat ectoparasites [2, 6].
Currently, 275 species of 21 genera of nycteribiids and
227 species of 31 genera of streblids have been described
[7]. The importance of louse flies as a potential vector
has been well studied. Recently, it has been confirmed
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that Anaplasma ovis, Bartonella spp., Rickettsia spp., and
Trypanosoma spp. are present in these insects [8—10].
Bat flies are also considered vectors. In recent studies,
bat ectoparasite burden was found to be proportional
to Bartonella infection; moreover, Bartonella spp. were
also detected in bat flies and host bats, underscoring
the parasite vector potential. However, more research is
warranted [11, 12]. Furthermore, it has not been dem-
onstrated that bat flies transmit Bartonella bacteria. The
vector potential of bat flies was demonstrated only in
Polychromophilus spp. [13].

Bat flies are obligate ectoparasites for bats and include
endosymbiotic prokaryotes that are not yet well under-
stood; however, it is assumed that they establish a symbi-
otic relationship with mutualistic bacteria [14]. Members
of the superfamily Hippoboscoidea require milk secre-
tion for larval development, and certain bacteria such
as Bartonella and Wolbachia can be vertically transmit-
ted during this process. These bacteria can also be hori-
zontally transmitted through parasitoids or via contact
with contaminated saliva [15, 16]. However, horizontal
transmission has not been proven in bat flies or any other
hippoboscids.

Wolbachia is a bacterium belonging to the order
Rickettsiales, which includes the genera Anaplasma,
Ehrlichia, and Rickettsia. Wolbachia influences host
reproduction through extensive symbiotic interactions in
some species and is estimated to be present in up to 66%
of insect species [17]. Wolbachia has become an integral
component of vector-mediated disease control due to its
ability to spread through insect populations and influ-
ence vector competence through pathogen protection
[18]. Bartonella spp. are parasitic bacteria that infect the
red blood cells of vertebrates. Several different bacterial
species [19], including Bartonella mayotimonensis, are
associated with bats, some of which are zoonotic and can
cause disease in humans [5].

However, to date, few studies have examined the patho-
genic relationships among bat flies, although previous
studies reported the possibility of Bartonella and Wol-
bachia bacteria occurring transiently [20, 21]. In general,
the high degree of host specificity in bat flies reduces the
likelihood of interspecies transmission of pathogens, but
bat flies are still likely to carry transmissible pathogens
within the host population [7]. Most previous studies on
microorganisms, including those on Wolbachia spp., in
bat flies have focused on endosymbiotic characteristics
or distribution [2, 20].

In Korea, many vector-mediated diseases and causa-
tive agents, including Anaplasma, Bartonella, and Bor-
relia, occur in humans [22-24]. However, there are
few data regarding bats and bat flies in Korea. Further-
more, a recent Korea-focused study assessed the local
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distribution of bat flies without considering the patho-
gens mediated by these flies [25]. Therefore, the purpose
of this study was to investigate the relationships among
bats, parasitic bat flies, and their associated bacteria in
Korea.

Methods

Study area, sample collection, and species identification

of bats and bat flies

Bats and bat flies were collected from caves, forests, and
abandoned mines in 12 cities across seven provinces
[Gangwon (Inje), Chungbuk (Danyang), Gyeongbuk
(Yeongju, Andong, Yeongcheon, and Gyeongju), Ulsan,
Jeonbuk (Sunchang), Gwangju, and Jeonnam (Muan,
Jindo, and Wando)] of Korea from February 2016 to
August 2017 (Fig. 1). A total of 198 dead bats were found,
and 74 bat flies were collected and immersed in 70% ethyl
alcohol solution. The bat flies were collected by ecologists
licensed from the National Institute of Environmental
Research, Korea. The bat species were identified based
on their morphological characteristics as previously
described [26, 27], and all collection-related information
was provided from the ecologists.

Bat fly species were initially identified using key mor-
phological characteristics, such as the presence or
absence of wings, using a dissecting microscope (Fig. 2)
[28]. The species were further identified at least at the
genus level by analyzing the cytochrome c oxidase subu-
nit I (COI) gene (approximately 658 bp length) [29, 30],
which was amplified through PCR using invertebrate-
specific primers [31, 32].

DNA extraction and PCR assay
Bat fly DNA was extracted using the DNeasy® Blood &
Tissue Kit (Qiagen, Hilden, Germany) as per the manu-
facturer’s instructions. An Infinite® 200 PRO NanoQuant
(Tecan, Ménnedorf, Switzerland) plate reader was used
to assess the quality and quantity of bat fly DNA by calcu-
lating the ratio of the absorbance at 260 nm and 280 nm.
DNA samples were stored at — 20 °C until further use.
The commercially available AccuPower® HotStart
PCR Premix kit (Bioneer, Daejon, Korea) was used for
PCR. This premix product includes most of the elements
required for PCR, including DNA polymerase, dNTPs,
reaction buffer, and metal ions, lyophilized in a single
tube. For PCR amplification, primers, DNA template,
and distilled water are added until the total volume of the
mixture reaches 20 pl. Bat fly-mediated pathogens and
bacterial organisms were detected by amplification using
primers specific to a target gene in each microorganisms.
All reactions were performed using 20 pl reaction mix-
ture containing 16 pl distilled water, 1 pl of 10 uM of each
primer pair, and 2 pl template DNA.
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Fig. 1 Map of South Korea. Bats and bat flies were collected from regions marked with squares

2mm

Fig. 2 Typical morphology of bat files belonging to the family a
Streblidae and b Nycteribiidae. Note the existence or absence of
wings. Upper, dorsal view; lower, ventral view

We amplified the 16S rRNA regions of Rickettsiales
(Anaplasma, Ehlrichia, Rickettsia, and Wolbachia spe-
cies) and Coxiella spp.; 5S-23S rRNA regions of Bor-
relia spp.; 18S rRNA regions of Babesia, Theileria, and
Hepatozoon species; and internal transcribed spacer
I (ITS-1) regions of Bartonella spp. [23, 33—-36]. Posi-
tive DNA samples were confirmed using a second set
of PCR primers to amplify other regions of the gene,
including citrate synthase gene (gltA) of Bartonella spp.
[37] and cell division protein FtsZ (ftsZ) of Wolbachia
spp. [36]. These primers are listed in Additional file 1:
Table S1, along with their expected amplicon sizes. All
PCR amplifications were performed using the Master-
cycler® nexus GSX1 (Eppendorf, Hamburg, Germany)
under conditions outlined in Additional file 2: Table S2.
The PCR products were electrophoresed on a 1% aga-
rose gel stained with ethidium bromide. All amplicons
were visualized and photographed using a UV tran-
silluminator, and PCR-positive products were sent
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to Macrogen (Daejeon, Korea) for DNA sequencing
analysis.

Sequencing and phylogenetic analysis

The obtained sequence data were aligned and edited
using BioEdit 7.2.5 [38]. MEGA 7 was used to construct
phylogenetic trees for each species using the maximum
likelihood method with 1000 replicates based on the
fragments of COI, ftsZ, and gltA of bat flies, Wolbachia
spp., and Bartonella spp., respectively [39]. Reference
sequence data were obtained using NCBI Web BLAST
(http://www.ncbi.nlm.nih.gov/blast). The phylogenetic
tree of Wolbachia spp. based on ftsZ was constructed
using 27 GenBank database entries and Ehrlichia sp. as
the outgroup. The phylogenetic tree of the Bartonella
spp. based on gltA was constructed using 15 GenBank
database entries and Brucella sp. as the outgroup.

Results

Identification of bat species

Overall, 11 species of seven genera belonging to three
families were morphologically identified from 198 bats.
One species each of Miniopteridae and Rhinolophidae
and nine species of Vespertilionidae were found. The
most common bat species was Miniopterus fuliginosus
(32.8%, n=65), followed by Rhinolophus ferrumequinum
(29.3%, n=>58), Myotis macrodactylus (14.1%, n=28),
Vespertilio sinensis (7.1%, n=14), Myotis petax (4.0%,
n=38), Eptesicus serotinus (3.5%, n="7), Myotis bombi-
nus (3.0%, n=6), Murina hilgendorfi (2.5%, n=>5), Hyp-
sugo alaschanicus (1.5%, n=23), Myotis ikonnikovi (1.0%,

Table 1 Bat distribution by location
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n=2), Myotis aurascens (0.5%, n=1), and one unidenti-
fied specimen (Table 1).

Identification of bat fly species

A total of 74 bat flies were collected from 198 bats.
Ectoparasites other than bat flies were not detected.
Organisms belonging to the families Nycteribiidae
(89.2%, n=66) and Streblidae (10.8%, »=8) were iden-
tified in three species of host bat (Table 2). Among the
Nycteribiidae specimens, five species from three gen-
era were identified, and the % similarities of the bat fly
species based on their GenBank match were as follows:
Nycteribia allotopa (100% with LC522000), Nycteribia
parvula (96.7% with KF021501), Nycteribia pleura-
lis (94.3% with AB632553), Penicillidia jenynsii (98.6%
with AB632562), and Phthiridium hindlei (99.9% with
AB632569). Among the Streblidae specimens, only one
species of the genus Brachytarsina was identified, and %
similarity of the bat fly species based on GenBank match
was Brachytarsina kanoi (93.0% with AB632571) (Fig. 3;
Table 2). Although it is the closest homology to this spe-
cies, there is the probability of another closely related
species apart from this. Most bat fly specimens were
found on M. fuliginosus (51.4%, n=38). All P. hindlei
(n=15) and Brachytarsina sp. (n==8) were parasitic on
the bat species R. ferrumequinum. Most P. jenynsii (fam-
ily Nycteribiidae) flies were collected from the specimens
obtained from the Jeonbuk Province (24/26), whereas
only two such individuals were identified in specimens
from the Chungbuk Province. Brachytarsina sp. (fam-
ily Streblidae) was identified in three specimens from

Bat species (n)

Chungbuk Gangwon Gwangju Gyeongbuk Jeonnam Jeonbuk Ulsan Unknown %

Miniopteridae (65)

Miniopterus Miniopterus fuliginosus (65) 16
Rhinolophidae (58)
Rhinolophus Rhinolophus ferrumequinum (58) 4

Vespertilionidae (74)

Eptesicus Eptesicus serotinus (7)

Hypsugo Hypsugo alaschanicus (3) 2

Murina Murina hilgendorfi (5)

Myotis Myotis aurascens (1) 1
Myotis bombinus (6)
Myotis ikonnikovi (2) 2
Myotis macrodactylus (28) 3
Myotis petax (8) 6

Vespertilio Vespertilio sinensis (14) 10
Unidentified (1)

Total (198) 42 2

7 1 39 2 32.8
4 6 8 9 12 15 293
3 4 35
1 1.5
5 2.5
0.5
6 3.0
1.0
2 20 3 14.1
2 4.0
4 7.1
1 0.5
7 26 11 68 12 30 100
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Host bat No. of collected bat fly (%) Total
species

Nycteribiidae Streblidae

(66, 89.2%) (8,10.8%)

Nycteribia Nycteribia Nycteribia sp?  Nycteribia sp.>  Penicillidia Phthiridium Unidentified Brachytarsina

allotopa parvula Jenynsii hindlei sp.c
Miniopterus 2(2.7) 2(2.7) 2(2.7) 2(2.7) 22(29.7) 0(0.0) 8(10.8) 0(0.0) 38(514)
fuliginosus
Myotis macro- 0 (0.0) 0(0.0) 3(4.0) 0(0.0) 3(4.0) 0(0.0) 0(0.0) 0(0.0) 6(8.1)
dactylus
Rhinolophus 0 (0.0) 0(0.0) 101.4) 0(0.0) 1(1.4) 15(20.3) 5(6.8) 8(10.8) 30 (40.5)
ferrumequi-
num
Total 2(27) 2(27) 6(8.1) 2(2.7) 26 (35.1) 15(20.3) 13(17.6) 8(10.8) 74 (100.0)
2The closest GenBank matching species is Nycteribia pleuralis
b The closest GenBank matching species is not identified
“The closest GenBank matching species is Brachytarsina kanoi

Bat fly Host

ﬂg Nycteribia allotopa (LCSZZOO(N
BE-12 (MT362937) @

aeplIquajoAN

67\L Nycteribia pleuralis (AB632553)

65| || BE-28 (MT362941) ®

BE-36 (MT362942) ®

BE-73 (MT362943) ®
9l BE-78 (MT362944) ®
r Nycteribia parvula (KF021501)
gfr' { BE-17 (MT362938) ®

9! BE-35 (MT362946) ®
— Penicillidia leptothrinax (KF021526)
— Penicillidia oceanica (KF021535)
Penicillidia jenynsii (AB632562)

98| BE-40 (MT362047) ®

BE-2 (MT362939) ®

BE-26 (MT362940) ®
Phthiridium hindlei (AB632569)
go| BE-34 (MT362945) ®

73 BE-54 (MT362948) ® /

aeplqans

Brachytarsina kanoi (AB632571)
BE-55 (MT362949) @
8! BE-69 (MT362950) ®
Nycterophilia parnelli (KY882261)
100" Nycterophilia fairchildi (KY882256)

r Lipoptena fortisetosa (MF495993)

A
0.2

sequences identified in this study

Miniopterus fuliginosus
Miniopterus schreibersii
Myotis macrodactylus
Miniopterus schreibersii
Rhinolophus ferrumequinum
Myotis nattereri

Miniopterus schreibersii
Miniopterus schreibersii
Miniopterus schreibersii
Miniopterus manavi
Miniopterus schreibersii
Miniopterus fuliginosus
Myotis macrodactylus
Miniopterus schreibersii
Miniopterus schreibersii
Myotis macrodactylus
Rhinolophus ferrumequinum
Rhinolophus ferrumequinum
Rhinolophus ferrumequinum
Miniopterus fuscus
Rhinolophus ferrumequinum
Rhinolophus ferrumequinum
Pteronotus personatus

Pteronotus parnellii

100L Glossina morsitans submorsitans (MG234539)

Fig. 3 Phylogenetic tree based on bat fly cytochrome c oxidase subunit | gene-amplifying sequences. The ked and tsetse fly sequences were used
as outgroups. Scale bar indicates an evolutionary distance of 0.20 nucleotides per position in the sequence. The black circles (@) indicate the bat fly
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Gyeongbuk, three specimens from Jeonnam, and two
specimens from Ulsan (Table 3).

Screening for pathogens and endosymbionts mediated

by bat flies

Of the identified pathogens and endosymbionts, 35
specimens were part of the Wolbachia spp. (47.3%) and
20 specimens of the Bartonella spp. (27.0%); no other
microorganisms (such as Coxiella, Borrelia, Anaplasma,
Ehlrichia, Rickettsia, Hepatozoon, Babesia, and Theile-
ria species) were detected. Most Wolbachia spp. were
detected in P. jenynsii (22/35, 64.7%), and Bartonella spp.
were most frequently found in P hindlei (10/20, 50.0%)
(Table 4).

Sequence and phylogenetic analyses of bat fly-mediated
pathogens and endosymbionts
Wolbachia spp. in P. hindlei share 97.7-99.8% sequence
identity with Wolbachia-hosting spiders, moths, and
beetles (GenBank: KT319069, FM883705, KC578235).
Wolbachia spp. in N. parvula and P jenmynsii share
95.4-98.5% sequence identity with Wolbachia spp. iso-
lated from cockroach and termite (GenBank: AJ292345,
FJ390318, DQ457402) and 95.0-96.7% sequence identity
with that isolated from nematode (GenBank: FR827926,
AJ628414).

Through phylogenetic analysis of the Wolbachia spp.,
the three sequences from Phthiridium spp. bat flies were

Table 3 Bat fly distribution by location?
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clustered as supergroup A, and the other two sequences
from Nycteribia spp. and Penicillidia spp. bat flies were
clustered as supergroup F (Fig. 4) [17].

In the phylogenetic analysis of Bartonella gltA ampli-
fied from the bat flies in this study, six representa-
tive sequences were obtained from five bat fly species
with 86.6-91.9% sequence identity (Fig. 5). Bartonella
sequences from the bat fly P hindlei (GenBank:
MT362935) presented 91.9% identity with P jenynsii
(GenBank: MT362933), 91.7% with N. allotopa (Gen-
Bank: MT362931), and 86.6% with Nycteribia sp. (Gen-
Bank: MT362934). Particularly, one Bartonella sequence
detected from the Japanese bat fly (GenBank: LC522030)
had 100% sequence identities with the Bartonella
sequences from this study (GenBank: MT362932 and
MT362933). In addition, Bartonella sequences from the
Taiwan bat (GenBank: JF500511), Japanese bat (Gen-
Bank: LC483820), and bat fly (GenBank: LC522032)
had 100% sequence identity with a Bartonella sequence
detected in this study (GenBank: MT362931).

Discussion

According to the morphological characteristics of bats
identified in Korea, 24 species have been reported from
11 genera [26, 27]. According to the key to the order
Chiroptera in Korea, four bat families (Miniopteri-
dae, Molossidae, Rhinolophidae, and Vespertilionidae)
have been reported in Korea. In this study, 11 species

Bat fly species Bat host species (n) Chungbuk Gyeongbuk Jeonbuk Jeonnam Ulsan Unknown
Nycteribiidae (66)
Nycteribia allotopa (2) Miniopterus fuliginosus (2) 1 1
Nycteribia parvula (2) Miniopterus fuliginosus (2) 1 1
Nycteribia sp,b 6) Miniopterus fuliginosus (2) 1 1
Myotis macrodactylus (3) 1 2
Rhinolophus ferrumequinum (1) 1
Nycteribia sp.© (2) Miniopterus fuliginosus (2) 2
Penicillidia jenynsii (26) Miniopterus fuliginosus (22) 2 20
Myotis macrodactylus (3) 3
Rhinolophus ferrumequinum (1) 1
Phthiridium hindlei (15) Rhinolophus ferrumequinum (15) 3 3 3 5 1
Unidentified (13) Rhinolophus ferrumequinum (5) 3 2
Miniopterus fuliginosus (8) 5 3
Streblidae (8)
Brachytarsina sp.d (8) Rhinolophus ferrumequinum (8) 3 3 2
Total (74) 14 6 38 8 7 1

2 Not detected in Gangwon and Gwangju regions
b The closest GenBank matching species is Nycteribia pleuralis
“The closest GenBank matching species is not identified

9The closest GenBank matching species is Brachytarsina kanoi
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Table 4 Distribution of endosymbionts detected in bat flies
Bat fly species Bat host species (n) Wolbachia Bartonella
Nycteribiidae
Nycteribia allotopa (2) Miniopterus fuliginosus (2) 0 1
Nycteribia parvula (2) Miniopterus fuliginosus (2) 2 0
Nycteribia sp.? (6) Miniopterus fuliginosus (2) 0 1
Myotis macrodactylus (3) 0 1
Rhinolophus ferrumequinum (1) 0 0
Nycteribia spAb 2) Miniopterus fuliginosus (2) 0 0
Penicillidia jenynsii (26) Miniopterus fuliginosus (22) 20 3
Myotis macrodactylus (3) 2 0
Rhinolophus ferrumequinum (1) 0 0
Phthiridium hindlei (15) Rhinolophus ferrumequinum (15) 10 10
Unidentified (13) Rhinolophus ferrumequinum (5) 1 1
Miniopterus fuliginosus (8) 0 1
Subtotal (66) 35(53.0) 18 (27.3)
Streblidae
Brachytarsina sp. (8) Rhinolophus ferrumequinum (8) 0 2
Subtotal (8) 0(0.0) 2(25.0)
Total (74) 35(47.3) 20(27.0)

?The closest GenBank matching species is Nycteribia pleuralis
b The closest GenBank matching species is not identified

“The closest GenBank matching species is Brachytarsina kanoi

belonging to seven genera in three families (Miniopteri-
dae, Rhinolophidae, and Vespertilionidae) were identi-
fied. The collection places of bats were recorded for all
except 31 specimens (these specimen data on tubes were
erased because of leakage of ethanol during transfer),
most of which were found in mines (79 specimens), caves
(76 specimens), and the rest forests (12 specimens). Rhi-
nolophus ferrumequinum was found in all regions except
Gangwon; however, this does not necessarily mean that
it does not occur in Gangwon. Only two bat specimens
were collected from Gangwon. Rhinolophus ferrumequi-
num is known to be the most widely occurring bat in
Korea [26].

A total of 74 bat flies were collected. One possible rea-
son for this small number could be that the flies were col-
lected from dead bats. Therefore, several bat flies would
have left after the host bat died.

Molecular identification and phylogenies of bat flies
have been widely utilized over the last decade to char-
acterize different fly species [40, 41]. COI, in particular,
has been proven a useful marker in the documentation
of invertebrates and insects [41-43]. Previous studies
on Korean bat fly were limited to morphological char-
acteristics [25]. Moreover, traditional morphological
identification methods are extremely time-consuming
because bat flies are complex, extremely small, and
diverse in species. Although this does not justify the lack

of morphology-based identification, our results showed
that a molecular approach would be useful in the quick
identification of the different species of bat flies, at least
at the genus level. There was a limitation that COI was
not sufficient to reliably identify bat flies by itself at the
species level because sequence data of many species are
still missing from the GenBank. Therefore, in this study,
COI sequencing enabled genus-level identification and
indicated the closest GenBank match species. In some
species, the most similar GenBank sequences showed a
similarity of <95% (N. pleuralis, 94.3%; B. kanoi, 93.0%),
whereas others showed a similarity of >98% (N. allotopa,
100%; P jemynsii, 98.6%; P hindlei, 99.9%). Therefore,
more comparable data on COI will allow a clear distinc-
tion of bat flies at the species level. Previously, COI was
also used for species identification in other families of
Diptera [44, 45].

Phthiridium hindlei is an ectoparasite of R. ferrumequi-
num, which has not been reported in Korea previously.
Most Nycteribia spp. were detected in M. fuliginosus
(8/12, 66.7%), which is consistent with the findings of a
previous study that collected Nycteribia spp. from Mini-
opterus sp. in Korea [25].

Penicillidia jenynsii (family Nycteribiidae) was mostly
collected from the Jeonbuk Province (24/26), with only
two individuals identified in the Chungbuk Province.
Brachytarsina sp. (family Streblidae) was confirmed only



Lee et al. Parasites Vectors (2021) 14:503

Page 8 of 11

Microorganism

66

72

0.1

Fig. 4 A phylogenetic tree was constructed with Wolbachia ftsZ gene-amplifying sequences generated in this study using the maximum likelihood
method based on the Tamura-Nei model (1000 replicates). Sequences identified in this study are marked with black circles (@) with isolated ID and
host species scientific name. The Ehrlichia sequences were used as outgroup

BE-82-fts (MT362930) ®

BE-52-fts (MT362928) ®

Wolbachia sp. (FM883705)

BE-81-fts (MT362929) ®

Wolbachia endosymbiont (KC578235)
Wolbachia pipientis (KT319069)

Wolbachia endosymbiont (AY764283)
Wolbachia endosymbiont (AY764284)

70 | Wolbachia sp. (U28194)

Wolbachia endosymbiont (DQ778102)
Wolbachia endosymbiont (CP021120)
Wolbachia pipientis (JN316216)
Wolbachia pipientis (JN316217)
Wolbachia endosymbiont (EU330428)
Wolbachia endosymbiont (MH605023)
— 100 Wolbachia endosymbiont (AJ575103)
100_| Wolbachia sp. (AF081200)

Wolbachia endosymbiont (AJ010269)
Wolbachia endosymbiont (FJ390317)
Wolbachia endosymbiont (KP114114)

86 ' Wolbachia endosymbiont (KP114113)

BE-17-fts (MT362926) ®

Wolbachia endosymbiont (AJ292345)
Wolbachia endosymbiont (FJ390318)
Wolbachia endosymbiont (DQ457402)
BE-18-fts (MT362927) ®

Wolbachia endosymbiont (FR827926)

96 ' Wolbachia pipientis (AJ628414)

Wolbachia endosymbiont (FR827924)

Wolbachia endosymbiont (AJ495000)

Wolbachia endosymbiont (EU499321)

Wolbachia endosymbiont (EU833483)

[ Ehrlichia chaffeensis (AF221944)

100 1 Ehrlichia ruminantium (DQB47000)

Host Supergroup
bat fly (Phthiridium hindlei)
bat fly (Phthiridium hindlei)
moth (Phyllonorycter blancardella) A
bat fly (Phthiridium hindlei)
beetle (Diabrotica barberi)

spider (Telema cucurbitina)

termite (Zootermopsis angusticollis)
termite (Zootermopsis nevadensis)
beetle (Tribolium confusum)

pillbug (Armadillidium vulgare)

fly (Chrysomya megacephala) B
aphid (Aphis fabae)

aphid (Brevicoryne brassicae)
springtail (Folsomia candida)
mite (Gustavia microcephala) E
springtail (Mesaphorura italic)
nematode (Brugia malayi)
nematode (Brugia malayi) D
nematode (Litomosoides sigmodontis)
mite (Syringophilopsis turdus)

mite (Torotrogla merulae)

bat fly (Nycteribia parvula)

termite (Kalotermes flavicollis)

termite (Nasutitermes nigriceps)
cockroach (Supella longipalpa) F
nematode (Mansonella perforate)
nematode (Mansonella sp.)

nematode (Dipetalonema gracile) 1Y
nematode (Dirofilaria immitis) Ic
mite (Bryobia sp.) |K
nematode (Radopholus similis) It

in Jeonnam, Gyeongbuk, and Ulsan Provinces, but not
in Jeonbuk and Chungbuk Provinces. However, because
there is a history of discovery of Brachytarsina sp. in Jeju
Island and Gangwon Province [25] in the southernmost
and northernmost regions of Korea, respectively, more
population studies on ectoparasites and identification are
required.

This study confirmed the high prevalence of Wolbachia
and Bartonella bacteria and that P hindlei was highly
coinfected with Wolbachia and Bartonella spp. (9/10).
According to the identification results of these pathogens
and endosymbionts in this study, Wolbachia spp. was
identified at a rate of 53.0% (35/66) in the family Nyc-
teribiidae [Penicillidia sp. (22/26, 84.6%), Nycteribia spp.
(2/12, 16.7%), Phthiridium sp. (10/15, 66.7%) and an uni-
dentified Nycteribiidae species (1/13, 7.7%)] but not in
the family Streblidae (Brachytarsina sp.). This is believed
to be associated with the vertical transfer of the endos-
ymbiont from mother to offspring through the mam-
mary glands. Endosymbiont localization is consistently
observed in all nycteribiid bat flies. In particular, P. jenyn-
sii females exhibit a different pattern from that of males.
In the abdominal cavity of females, larvae were found

around the mammary glands, which supplied secretions
and exhibited endosymbiont signals [20]. Bartonella spp.
were identified at a rate of 27.3% (18/66) from the family
Nycteribiidae [Phthiridium sp. (10/15, 60.7%), Nycteribia
spp. (3/12, 25.0%), Penicillidia sp. (3/26, 11.5%), and an
unidentified Nycteribiidae species (2/13, 15.4%)] and at a
rate of 25.0% (2/8) in the family Streblidae (Brachytarsina
sp.).

A previous study reported that the most common
microparasites in bat flies were bacteria (n=149), with
high numbers of Bartonella spp. (=91, 61.0%) but few
Wolbachia spp. (n=38, 5.4%) [2]. However, in this study,
Wolbachia spp. were detected at a higher rate (35/74,
47.3%), whereas Bartonella bacteria detection was less
frequent (20/74, 27.0%). This could be due to the differ-
ences in sample collection time and areas.

As per the phylogeny results of Wolbachia and Bar-
tonella bacteria, we confirmed that each species of bat
flies clustered as separated roots of each type. The Wol-
bachia endosymbionts detected in our study were clus-
tered into two supergroups, A and F. Supergroup A was
found in arthropods, whereas supergroup F was found
in both filariae and arthropods [17]. All supergroup A
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Bartonella sp. (MH234319)
Bartonella chomelii (JN646658)

Bartonella bovis (KF199895)

Candidatus Bartonella krasnovii (MH618778)
Bartonella elizabethae (LR134527)
Bartonella queenslandensis (JF429583)
Bartonella grahamii (AB529500)

Bartonella sp. (MG654770)

91

95

Bartonella sp. (KX086731)
71— Bartonella sp.(KX655815)
Bartonella bacilliformis (CP045671)
Bartonella sp.(KX655813)
Brucella suis (CP009096)

| |
0.1

Costa Rica

Candidatus Bartonella gerbillinarum (MH618802)

Microorganism Country Host
BE-16-gItA (MT362932) ® bat fly (Penicillidia jenynsii) from bat (Miniopterus schreibersii)
10 Bartonella sp. (LC522030) Japan bat fly (Penicillidia jenynsii) from bat (Miniopterus fuliginosus)
BE-23-gItA (MT362933) ® bat fly (Penicillidia jenynsii) from bat (Miniopterus schreibersii)
Bartonella sp. (KT751155) Madagascar  bat fly (Nycteribia stylidiopsis)
63 Bartonella sp. (KX655829) China bat (Myotis fimbriatus)
Bartonella sp. (LC522032) Japan  batfly (Nycteribia allotopa) from bat (Miniopterus fuliginosus)
Bartonella sp. (JF500511) Taiwan  bat (Miniopterus schreibersii)
100 BE-12-gltA (MT362931) ® bat fly (Nycteribia allotopa) from bat (Miniopterus schreibersii)
Bartonella sp. (LC483820) Japan bat (Miniopterus schreibersii fuliginosus)
Bartonella sp.(KX655818) China  bat (Rhinolophus pusillus)
BE-52-gltA (MT362935) ® bat fly (Phthiridium hindlei) from bat (Rhinolophus ferrumequinum)
100 Bartonella sp.(KX655838) China bat (Rhinolophus ferrumequinum)
BE-46-gltA (MT362934) @ bat fly (Nycteribia sp.) from bat (Miniopterus schreibersii)
100 Bartonella sp. (KX655811) China bat (Myotis ricketti)
Bartonella sp. (JX416238) Malaysia bat fly (Phthiridium (Stylidia) fraterna) from bat (Hipposideros sp.)
| ?Egi;BE.ljg_gnA (MT362936) ® bat fly (Phthiridium hindlei) from bat (Rhinolophus ferr i )
9 Bartonella sp. (KP100347) Vietnam bat (Rhinolophus acuminatus)
9o Bartonella rochalimae (FN645459) Peru  human (Homo sapiens)
Bartonella clarridgeiae (FN645454) France  cat

bat (Artibeus lituratus)

New Caledonia cattle

France  cattle
Israel gerbil (Gerbillus andersoni)
USA  human (Homo sapiens)
USA  rat (Rattus norvegicus)
Korea  mouse (Apodemus agrarius)
Brazil  bat fly (Strebla guajiro) from bat (Carollia perspicillata)
Israel  flea (Synosternus cleopatrae)
Brazil  rodent

China  bat (Myotis pequinius)
human (Homo sapiens)
China  bat (Myotis fimbriatus)

Fig. 5 A phylogenetic tree was constructed with the Bartonella gltA gene-amplifying sequences generated in this study using the maximum
likelihood method based on the Tamura-Nei model (1000 replicates). Sequences identified in this study are indicated by black circles (@) with
isolated ID and host species scientific name. The Brucella sequences were used as outgroup

endosymbionts were detected in P. hindlei. Supergroup F
endosymbionts were detected in other bat flies (Penicil-
lidia sp. and Nycteribia spp.). The presence of Wolbachia
spp. confirmed that various arthropods could be vec-
tors, and the bat fly Wolbachia spp. could have sequences
similar to both filariae and arthropods. In addition, the
possibility of Wolbachia bacteria transmission through
bat blood should be studied to determine the connection
between bat flies and bats.

Bartonella endosymbionts were also grouped accord-
ing to their bat fly host except P. hindlei. However, these
sequences clustered into distinct Bartonella groups and
were considered a separate Bartonella species because of
its < 96% identity [46, 47]. Interestingly, in this study, with
two separate branch groups, Bartonella host specificity in
bats and bat flies was confirmed; one is P. jenynsii group
and the other N. allotopa group, all of which had Mini-
opterus sp. bat hosts. In a previous study conducted in
northern China, bat and Bartonella host specificity was
recorded [48], and it was suggested that N. allotopa is the

vector for transmitting Bartonella in bats [49]. However,
the correlation between Bartonella species originating
from bats and other bat fly species (another Nycteribia
sp. and P, hindlei) requires further study.

Bartonella bacterial infection has been reported in
humans and animals in African countries, where it was
observed that a large number of local bat flies were pos-
itive for Bartonella spp. [50]. Bat ectoparasites gener-
ally exhibit high host specificity; therefore, their impact
on other animal species and humans may be low, but
the spread of bat-borne Bartonella spp. poses a global
risk [29, 51]. Furthermore, it must be considered that
endosymbionts of bat flies may come from their bat
hosts. Recent research suggests that bat flies transfer
viruses to host bats as well as humans [7]. Nycteribi-
ids are known to host several Bartonella spp., and bat
and Bartonella bacteria associations have been stud-
ied in several parts of the world, including Asia [30]. In
this study, our data indicated that Wolbachia and Bar-
tonella bacteria are associated with bat fly species. In
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this regard, studies on bat fly-mediated pathogens and
endosymbionts are of great public health significance
and require continued interest and research.

Conclusions

This study employed morphological and molecular
techniques to identify bat fly species in Korea. We also
determined the distribution of P. hindlei and its endo-
symbionts. Using molecular methods, we identified
several microorganisms, such as the endosymbiotic
Wolbachia and possibly pathogenic or endosymbiotic
Bartonella of bat flies, that are parasites for Korean
bats. This is the first study to use such methods to iden-
tify Korean bat flies. Although the possibility of patho-
gen transmission through direct contact with a bat fly
is low, subsequent studies on bat blood are required to
confirm the potential for direct infection between bats
and bat flies. This is an important public health concern
owing to its potential for transmission to other species
through bats.
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