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B

at flies are a diverse group of obligate ectoparasites that feed
exclusively on bat blood (1, 2). Based on current taxonomy,
they comprise two families, the Nycteribiidae and the Streblidae
(3). As blood-feeders, they rely on a nutritionally deficient diet;
hence, they are expected to have formed symbiotic relationships
with mutualistic bacteria (4–9).
Recent studies have examined several genera of Streblidae and
Nycteribiidae for the presence of endosymbionts. Trowbridge et
al. (6) documented an Arsenophonus-like bacteria in several fly
species belonging to the genus Trichobius (Streblidae, Trichobiinae). This was subsequently corroborated by Lack et al. (10) for
several populations of Trichobius major and by Nováková et al.
(11) for an unknown Trichobius species. Arsenophonus spp. are
widespread Gammaproteobacteria that show a great diversity of
symbiotic relationships with their arthropod hosts, ranging from
reproductive parasites, facultative symbionts of unknown function, to vertically transmitted obligate mutualists (7, 11–19). In
addition to mutualistic roles, Lack et al. (10) hypothesized that
Arsenophonus manipulates host reproduction in T. major.
Nováková, et al. (11) and Hosokawa, et al. (20) documented
endosymbionts in several genera and species of Nycteribiinae
(Nycteribiidae). Although similar in 16S rRNA gene sequences to
Arsenophonus, they were ultimately assigned to a distinct lineage
that is sister to “Candidatus Riesia pediculicola,” an endosymbiont found in primate lice. Based on phylogenetic characteristics,
Hosokawa et al. (20) proposed a new name, “Candidatus Aschnera
chinzeii,” for this clade. The presence of vertical transmission and
an overall evolutionary concordance between host and symbiont
suggest an obligate association with its host (20). Although the
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specific function of “Candidatus Aschnera chinzeii” is unknown,
the closely related “Candidatus Riesia pediculicola” is essential for
the survival of its louse host, providing B complex vitamins that
are lacking in the host’s blood diet (21). Despite previous efforts,
no comprehensive studies of bat fly microbiomes exist that reflect
the taxonomic diversity of their fly hosts, hindering our understanding of the diversity, function, and evolution of endosymbiotic associations in bat flies.
Bat flies, like their bat hosts, are cosmopolitan in distribution,
and more than 500 species are known to parasitize many genera of
bats. They are members of the Hippoboscoidea, a group of highly
specialized blood-feeding Diptera, and as such are allied with the
tsetse flies (Glossinidae) and the louse flies (Hippoboscidae) (22).
Streblidae is composed of five subfamilies, the New World Nycterophiliinae, Streblinae, and Trichobiinae and the Old World
Nycteriboscinae and Ascodipterinae (2, 23). Nycteribiidae currently contains three subfamilies: the Old World Cyclopodiinae
and Archinycteribiinae and the cosmopolitan Nycteribiinae (2).
Bat flies are found chiefly in tropical and subtropical regions, with
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Bat flies are a diverse clade of obligate ectoparasites on bats. Like most blood-feeding insects, they harbor endosymbiotic prokaryotes, but the origins and nature of these symbioses are still poorly understood. To expand the knowledge of bacterial associates in bat flies, the diversity and evolution of the dominant endosymbionts in six of eight nominal subfamilies of bat flies (Streblidae and Nycteribiidae) were studied. Furthermore, the localization of endosymbionts and their transmission across
developmental stages within the family Streblidae were explored. The results show diverse microbial associates in bat flies, with
at least four ancestral invasions of distantly related microbial lineages throughout bat fly evolution. Phylogenetic relationships
support the presence of at least two novel symbiont lineages (here clades B and D), and extend the geographic and taxonomic
range of a previously documented lineage (“Candidatus Aschnera chinzeii”; here clade A). Although these lineages show reciprocally monophyletic clusters with several bat fly host clades, their phylogenetic relationships generally do not reflect current bat
fly taxonomy or phylogeny. However, within some endosymbiont clades, congruent patterns of symbiont-host divergence are
apparent. Other sequences identified in this study fall into the widely distributed, highly invasive, insect-associated Arsenophonus lineage and may be the result of symbiont replacements and/or transient infections (here clade C). Vertical transmission of
endosymbionts of clades B and D is supported by fluorescent signal (fluorescent in situ hybridization [FISH]) and microbial
DNA detection across developmental stages. The fluorescent bacterial signal is consistently localized within structures resembling bacteriomes, although their anatomical position differs by host fly clade. In summary, the results suggest an obligate hostendosymbiont relationship for three of the four known symbiont clades associated with bat flies (clades A, B, and D).

Endosymbionts in Bat Flies

MATERIALS AND METHODS
Samples. Specimens were collected in microcentrifuge tubes containing
96% ethanol and stored at ⫺80°C for further use. Representatives of 42
species were included in this study, with an average of 1.9 specimens per
species (minimum of 1 and maximum of 5). Samples included representative members of both known families of bat flies: Nycteribiidae (17
species) and Streblidae (25 species). Six of the eight described subfamilies
of bat flies were included in this study, including (i) the streblid subfamilies Nycteriboscinae, Streblinae, Trichobiinae, and Nycterophiliinae and
(ii) the nycteribiid subfamilies Cyclopodiinae and Nycteribiinae. Two
subfamilies, Archinycteribiinae (Nycteribiidae) and Ascodipterinae (Streblidae), are not represented for lack of specimens. Samples were collected
across a wide geographic and host bat distribution (see Table S1 in the
supplemental material).
In order to test for vertical transmission of symbionts in New World
Streblidae, pupae from Trichobius frequens, T. intermedius, and Nycterophilia cf. coxata either were collected from pupal deposition sites on cave
walls or were obtained by capturing adult female flies on glue traps suspended from poles placed in the cave. Captured females subsequently
deposited pupae directly on the trap (27). Pupae were collected in this
manner 6 to 12 h postdeposition and had minimal exposure to the larger
cave environment. To compare infection rates between male and female
bat flies, 64 T. frequens samples from the same Puerto Rican population
were sexed and tested for the presence of symbionts, as were 33 Puerto
Rican Nycterophilia cf. coxata flies.
DNA extraction. DNA was extracted from whole bat fly adults and
pupae using the Qiagen DNeasy kit and protocol. For adult flies, the
abdomen of each sample was pierced so as to maintain exoskeleton integrity to allow for mounting, identification, and sexing postextraction. Pupae were washed in 3% hydrogen peroxide solution and dissected out of
the puparium under sterile conditions. The DNA concentration of each
sample was quantified using a NanoDrop ND-1000 spectrophotometer
(Thermo Scientific, Wilmington, DE).
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PCR amplification of bacterial 16S rRNA and groL genes. A 1.3-kb
fragment of the eubacterial 16S rRNA gene (small subunit [SSU] rRNA)
was amplified via PCR using the general eubacterial 16S primers 16Sa1
(5=-AGA GTT TGA TCM TGG CTC AG-3=) and 16Sb1 (5=-TAC GGY
TAC CTT GTT ACG ACT T-3=) following the PCR protocol outlined in
Fukatsu and Nikoh (28). An 850-bp region of the chaperonin groL gene
was amplified using the primers groEL-2F (5=-ATG GGB GCT CAA ATG
GTK AAA-3=) and groEL-2R (5=-CTC TTT CAT TTC AAC TTC NGT
BGC A-3=) following the protocols outlined in Hosokawa and Fukatsu
(29) and Hosokawa et al. (20). Because some groL sequences did not
amplify using these primers, additional custom primers were designed:
the forward primer groEL196f (5=-TTY GAR AAT ATG GGW GCH CAA
ATG-3=) and reverse primers groEL840r (5=-DCC AGG AGC YTT NAC
AGC AG-3=) and groEL1247r (5=-CHA CHA CHC CTT CTT CHA CHG
C-3=). PCR was performed in a final volume of 25 l containing 11 l
H2O, 2 l 50 mM MgCl2, 3 l 10⫻ Taq buffer, 2.5 l 10 mM deoxynucleoside triphosphate (dNTP) mix, 2.5 l loading dye, 1 l (10 pmol/
l) each primer, 1 l of template DNA, and 0.2 l of Taq DNA polymerase (Promega, Madison, WI). The amplification conditions were 2 min at
95°C followed by 30 cycles of 1 min at 95°C, 1 min at 55°C, and 1.15 min
at 72°C, with a final extension at 72°C for 10 min. Negative controls
(lacking template DNA) were included in all amplifications.
Positive PCR samples were cloned into the pCR 2.1 vector using the
TOPO-TA cloning kit following the instructions of the manufacturer (Invitrogen). At least 16 insert-positive colonies per cloned sample (range, 16
to 30) were sent to the High Throughput Genomics Unit (Seattle, WA) for
cleaning and sequencing using the original forward primer and the standard vector M13 reverse primer supplied with the TOPO-TA kit.
Evolutionary analyses. Raw sequences were edited and assembled using Geneious Pro 5.6. Taxonomic affinities of the sequences were identified using NCBI’s BLASTn search. QIIME 1.5.0 was used to check for
chimeric sequences. As outgroups for these analyses, we chose bacteria
previously used in similar studies, which were clearly identified as evolutionarily distant to endosymbionts in this analysis. Sequences were
aligned with MAFFT (30) as implemented in Geneious Pro 5.6. Bacterial
16S rRNA gene sequences contained highly conserved regions interspersed with divergent regions and were therefore aligned using the EINS-i algorithm, which is optimized for aligning sequences with multiple
conserved domains and long gaps (30); groL sequences were aligned using
the G-INS-i algorithm, which is optimized for aligning sequences with
global homology (30). The 16S rRNA sequence alignments exhibited several ambiguously aligned regions: the GBLOCKS program (31) was used
to remove these poorly aligned positions and to obtain unambiguous
sequence alignments, with parameters allowing for less strict blocks, gaps
within the final blocks, and less strict flanking positions. The 3rd codon
position was excluded from our analysis of the groL gene to avoid problems associated with saturation. Evolutionary models were selected for
each gene using the Akaike information criterion (AIC) as implemented
in jModelTest (32).
Relationships of bacterial 16S rRNA genes were explored using a network approach, which assesses the underlying structure, ambiguity, and
conflict in the data that a bifurcating tree might miss (33). Analyses were
conducted with SplitsTree 4.0 (34), using the GTR evolutionary model in
conjunction with the agglomerating NeighborNet algorithm. For comparative purposes data were combined with select GenBank entries of
invertebrate gammaproteobacterial symbionts and free-living Gammaproteobacteria.
Phylogenetic analyses were conducted on samples represented by groL
and 16S DNA, using maximum likelihood (ML) and Bayesian methods.
ML analysis was done using PhyML version 3 (35), as implemented in
Geneious Pro 5.6. Node support was assessed by bootstrap analyses with
1,000 bootstrap replicates. Bayesian topologies were obtained through
MrBayes 3.1.2 (36); posterior probabilities were used to gauge nodal support.
Relative rate tests of lineage evolution were performed using RRTree
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a smaller number of temperate representatives. Current phylogenetic consensus suggests that the Streblidae are paraphyletic, with
the monophyletic Nycteribiidae included within Old World Streblidae (3, 22).
Bat flies are not only taxonomically and morphologically diverse, but they also have a peculiar reproductive biology. Like all
Hippoboscoidea, they are adenotrophically viviparous: a single
larva develops in the female, fed by secretions from milk glands,
which are highly modified accessory glands. Third-instar larvae of
streblid and nycteribiid bat flies are deposited as sessile “prepupae” onto a substrate, like a cave wall, where they immediately
pupate (24, 25). This “pupiparity” makes horizontal transfer of
symbionts unlikely, as there is no feeding stage outside the body of
the maternal parent. Hosokawa et al. (20) observed symbiont infection in the maternal milk gland in several members of the Nycteribiinae, suggesting uterine transmission of bacteria to the larvae
through milk gland secretions, which also has been documented
for tsetse flies (26).
To expand our knowledge of the evolution and transmission of
endosymbiotic bacterial associates in bat flies, we explored their
prevalence and diversity in six of the eight bat fly subfamilies.
Specifically, we sought to determine if previously identified bat fly
endosymbionts are consistently present across families and subfamilies throughout their geographic distribution. Furthermore,
we explored the evolutionary relationships among identified endosymbiotic clades and showed endosymbiont localization and
transmission across developmental stages within the family Streblidae.

Morse et al.

TABLE 1 Relative rate test for comparing the molecular evolutionary rates of groL gene sequences between bat fly symbiont clades A plus B and D
with Arsenophonus clade Ca
Ratio of
distance
between
K1 and K2

Lineage 2

Outgroup

K1b

K2c

Pd

Symbiont of Nycteribia pleuralis
Symbiont of Trichobius neotropicus
“Candidatus Riesia pediculicola”

Arsenophonus nasoniae

Proteus mirabilis

0.308

0.244

0.064

1.261

4.9 ⫻ 10⫺4

Symbiont of Nycterophilia parnellii
Symbiont of Trichobius sp. strain 1

Arsenophonus nasoniae

Proteus mirabilis

0.303

0.244

0.059

1.242

0.01

Symbiont of Nycterophilia parnellii
Symbiont of Trichobius sp. strain 1

Symbiont of Nycteribia pleuralis
Symbiont of Trichobius neotropicus
“Candidatus Riesia pediculicola”

Proteus mirabilis

0.308

0.303

0.005

1.017

0.769

a

See text and Fig. 1 or 3 for clade designations.
Estimated mean distance between lineage 1 and the outgroup.
Estimated mean distance between lineage 2 and the outgroup.
d
P values were calculated with RRTree (37).
b
c

on the groL data set (37). Tests involved the comparisons of major bat fly
symbiont lineages (see Results) to each other, resulting in three comparisons (Table 1).
Whole-mount FISH and histology. Fluorescent in situ hybridization
(FISH) was carried out on pupae and adults of T. frequens, as well as adults
of Nycterophilia cf. coxata, following the protocols outlined by Koga et al.
(38). Both genera are members of the widely distributed New World Streblidae, which had not yet been studied using FISH techniques. Hybridization was performed using the eubacterial probe EUB338 (5=-GCTGCCT
CCCGTAGGAGT-3=) labeled with Alexa Fluor 647 (5= end). Acetone- or
ethanol-preserved adults and pupae were fixed in Carnoy’s solution
(chloroform-ethanol-glacial acetic acid at 6:3:1), following the removal of
legs in adults to facilitate penetration of fixative. Pupae were dissected out
of the puparium before fixation. All specimens were incubated in 150 l of
hybridization buffer (20 mM Tris-HCl [pH 8.0], 0.9 M NaCl, 0.01% sodium dodecyl sulfate, 30% formamide) containing 50 pmol/ml of probe
along with DAPI (4=,6-diamidino-2-phenylindole) at 42°C overnight.
The samples were then washed with hybridization buffer made from 50%
formamide at 42° for 15 min, followed by a wash with 1⫻ SSC (0.15 M
NaCl, 15 mM sodium citrate) at 42°C for 10 min and two washes with 1⫻
phosphate-buffered saline (PBS) at room temperature for 30 min each.
The samples were mounted on glass microscope slides (VWR) using
SlowFade mounting medium (Molecular Probes, Eugene, OR). Mounted
specimens were visualized under a Zeiss LSM 710 laser confocal microscope.
In order to identify the organismal source of the fluorescence in
Trichobius flies, representative specimens were sectioned and stained. Bat
flies were fixed in freshly made 4% paraformaldehyde (PFA) plus 0.1%
Triton X-100 for 4 to 12 h for histological sectioning. After fixation, specimens were transferred through a dehydrating ethanol (EtOH) series,
starting with 30% EtOH and ending with final storage in 96% EtOH.
Specimens were embedded in Periplast paraffin following previous protocols. After dorsal-to-ventral sectioning, slides were stained following
the Luxol fast blue protocol. Sections were examined using a 40⫻ oilimmersion objective on a Zeiss phase contrast fluorescence inverted microscope. However, Nycterophilia specimens are laterally compressed and
very small (⬃1.65-mm total length), making embedding and sectioning
untenable. Because specimens are fairly transparent, we used light microscopy on whole specimens to identify internal abdominal structures associated with FISH localization.

RESULTS

Sequences. Microbial DNA was detected in all samples studied in
this effort. We obtained 68 unique microbial 16S DNA and 50
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unique microbial groL gene sequences from the adult flies, the
majority of which exhibited a high degree of similarity to sequence
representatives of “Candidatus Riesia,” Arsenophonus, or “Candidatus Aschnera chinzeii” when identified by BLASTn. Exceptions
are bacterial sequences of Nycterophilia and the Trichobius caecus
group, which had Providencia sequences as their best hits (89%
pairwise similarity with Providencia spp.; E value ⫽ 0.0).
Other sequences identified as part of the bat fly microbiome
showed high similarity to the alphaproteobacterium Bartonella
(39), Wolbachia, and Rickettsia. These sequences were detected in
a subset of samples (15.1% of adult samples, combined).
The 16S rRNA gene sequences for the symbionts of clades A, B,
and D (Fig. 1) contained AT biases of 48 to 50%, 48 to 52%, and 51
to 53%, respectively. All three clades fall within the range of other
insect symbionts obtained from GenBank. Clade C (Arsenophonus) symbionts exhibited a lower AT bias, ranging from 45 to
47%. There was also an AT bias in groL sequences for these symbiont clades: clades A and B both ranged from 64 to 69%, while
clade D ranged from 67 to 70%. Clade C (Arsenophonus) exhibited
a range of values from 58 to 64%, with values at the high end (63 to
64%) for Arsenophonus symbionts associated to the monophyletic
Eucampsipoda symbiont clade. This compares to 61 to 69% for
other endosymbionts and 48 to 57% for free-living bacteria.
With representative population samples from Trichobius frequens (Streblidae), 82% (31 of 38) of teneral (freshly emerged,
unfed) females and 65% (17/26) of teneral males tested positive
for clade B symbionts, using either the 16S or groL primers. Proportions of infected males and females were not significantly different (2 ⫽ 2.131; P ⬎ 0.15). In specimens of Nycterophilia cf.
coxata (Nycterophiliinae), all females and males were infected
with a clade D symbiont (100%).
Using PCR to amplify either the 16S rRNA or groL genes, we
detected Arsenophonus infections in 85% (17 of 22) of T. frequens
pupae, 87% (7 of 8) of T. intermedius pupae, and 100% (3 of 3)
pupae of Nycterophilia cf. coxata flies.
Phylogenetic and network analyses. Phylogenetic analyses of
the concatenated data revealed that bat fly endosymbionts fall into
four major divergent clades (named A through D), each of which
receives strong nodal support. These clades were congruently recovered by both ML and Bayesian methodologies (see Fig. 3; ML
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Lineage 1

Difference of
distance
between K1
and K2

Endosymbionts in Bat Flies

trees presented). The clades are also present as well-delineated
clusters in the network analysis, although the overall network appears unresolved and scattered at the base (Fig. 1).
Clade A is equivalent to “Candidatus Aschnera chinzeii” (20).
It contains samples from the subfamily Nycteribiinae, including
the genera Basilia, Nycteribia, Penicillidia, and Phthiridium (Fig. 1
and 3). Samples in this clade closely reflect evolutionary relationships of their bat fly hosts (20). Clade A is restricted to the Old
World, with samples from Japan, China, Malaysia, the Philippines, and Slovenia. Although this clade is recovered as a sister
group to “Candidatus Riesia pediculicola” in the ML and Bayesian
analyses, this relationship is poorly supported. In fact, in the network analysis the “Candidatus Riesia” clade allies closely with
clade D (Fig. 1) (see below).
Clade B constitutes a novel bacterial clade that unites endosymbiont sequences from the New World subfamilies Trichobiinae and Streblinae (Fig. 1 and 3), including samples from Puerto
Rico, Mexico, the Dominican Republic, French Guyana, and the
United States. The monophyly of clades A and B together with
“Candidatus Riesia pediculicola” is moderately supported in both
ML and Bayesian phylogenies, and relatively long branches in
clades A and B (Fig. 3) indicate high average sequence divergence
from “Candidatus Riesia” and clades A and B.
Clade C, which is recovered with high support in the ML and
Bayesian reconstruction, appears scattered and unresolved in the
network analyses (Fig. 1 and 2). Because of the high similarity of

May 2013 Volume 79 Number 9

bat fly symbiont sequences in this clade to the representative species of Arsenophonus (A. triatomarum, and A. nasoniae), we suggest these belong to that genus. This clade also contains most of
the symbiont sequences obtained from the closely related Hippoboscidae (ked and louse flies) (Fig. 1, 2, and 3). Microbial sequences detected in the Old World subfamilies Cyclopodiinae and
Nycteriboscinae fall into this clade, although within-clade relationships remain obscure due to lack of statistical support. Although this group mostly unites symbiont sequences from Old
World bat flies (Philippines, China, and Europe), a few New
World species are interspersed among them, most notably the two
New World representatives of the cosmopolitan nycteribiid genus
Basilia (Nycteribiidae) and singular samples from the Neotropical
genera Paradyschiria and Anatrichobius (Streblidae: Trichobiinae)
(Fig. 2).
Clade D includes two novel subclades from the New World
streblid subfamily Nycterophiliinae and the New World Trichobiinae (T. caecus group) (40). Within each clade, endosymbiont
sequences cluster by host species. Strong patterns of codivergence
have been found in the Nycterophiliinae subclade (41).
Tests of relative rates of lineage evolution in groL revealed that
if considered separately, bat fly clades A plus B plus “Candidatus
Riesia” and clade D showed significantly higher rates of evolution
than Arsenophonus sensu stricto (lineage C) (Table 1). No significant differences were detected when comparing clades A plus B
plus “Candidatus Riesia” and clade C to each other.
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FIG 1 16S rRNA gene neighbor net, including sequences of nycteribiid and streblid bat fly endosymbionts, other insect symbionts, and various free-living
bacteria. Bat fly symbiont clades are labeled A to D (see the text).

Morse et al.

Dissections and in situ hybridization. To localize endosymbionts of the family Streblidae, whole mounts of pupae, males and
females of T. frequens (clade B), and males and females of Nycterophilia cf. coxata (clade D) were labeled with fluorescent probes.
Because a general eubacterial probe was used, potentially all bacterial associates (including Bartonella, Wolbachia, and Rickettsia,
when present) were highlighted. Results showed singular, localized fluorescence in the abdomen of both species, with well-defined boundaries. In adult Trichobius flies, the fluorescent signal
was located in the dorsal midsection of the abdomen extending to
or slightly beyond the height of spiracle 3 (Fig. 4b). The location
and strength of the signal were consistent across all specimens
tested (12) and did not vary by sex (6 males and 6 females). Based
on the sections obtained from the Trichobius specimens, their bacteriome seems to be associated with the dorsal anterior midgut
region, but not directly connected to the midgut (Fig. 4e). In pupae, fluorescence was detected immediately after deposition (age,
36 h) (image not shown) and appeared clustered in the abdominal
region at the midpoint of pupal development (Fig. 4d) (pupa 12
days old) (27). In Nycterophilia flies, the signal occupied the anterior, ventral section of the abdomen, below the ventral portion of
sternite 1 (Fig. 5a and b). Fluorescent signal was only detected in
females (see Discussion). Light microscopy of blood-fed flies
showed the signal to be anatomically closely associated to the base
of an organ resembling the crop (Fig. 5d).
In both species, the localization of the probe signal demonstrated an intracellular presence of bacteria. Bacteria occurred in
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hypertrophied cells (bacteriocytes), which clustered into a single bacteriome. In Trichobius, the average size of the bacteriocytes was 55 ⫾
14.9 m (n ⫽ 16 bacteriocytes measured from 3 females). The bacteriome formed a disk-shaped, single-cell-layer structure consisting
of 7 to 13 cells (Fig. 4c). In Nycterophilia, the average size of the bacteriocytes was 39 ⫾ 5.7 m (n ⫽ 6 bacteriocytes measured from 3
females). The bacteriome consisted of 1 to 3 aggregated cells (Fig. 5c).
DISCUSSION

Acquisition and evolution of endosymbionts in bat flies. Given
the distribution of bat fly families and subfamilies across the endosymbiont phylogeny, it becomes clear that bat flies independently acquired heterogeneous symbionts multiple times
throughout their evolutionary history. Based on the clades in the
ML phylogeny (16S rRNA and groL genes), we suggest at least one
ancestral acquisition for the Nycteribiidae (clades A) (Fig. 3) and
three events for the Streblidae (clades B and D for Trichobiinae
and clade D for Nycterophiliinae) (Fig. 3). This is also supported
by the extreme AT bias and long branch length exhibited by clades
A, B, and D, suggesting that the endosymbiotic lifestyle is ancient,
evolution was particularly rapid, or both (42) (Table 1). Our calculation of obligate symbiont acquisition events considers only wellsupported clades of host families, which are represented by multiple
genera. This is a conservative estimate, and it is conceivable that additional data will increase this count, especially considering possible
replacement events in clade C (Fig. 2).
Our data confirmed the presence of a previously identified,
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FIG 2 Inset of clade C (Arsenophonus) 16S rRNA gene neighbor net, including sequences of nycteribiid and streblid bat fly endosymbionts (see the text).

Endosymbionts in Bat Flies
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FIG 3 Phylogenetic tree of bat fly endosymbionts in the Gammaproteobacteria, as inferred from concatenated 16S rRNA and groL genes. A maximum likelihood
(ML) tree is shown. Numbers at nodes represent bootstrap values/Bayesian posterior probabilities (Bayesian topology not shown). Major bat fly symbiont
subclades are labeled A to D (see the text). Ancestral endosymbiont acquisition events are marked with colored circles on branches: red, Streblidae; blue,
Nycteribiidae. Asterisks denote bacterial names; all other names refer to the host of the symbionts.
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FIG 4 Localization of endosymbiont signal in adult female Trichobius bat flies
(Streblidae: Trichobiinae) by fluorescent in situ hybridization. Samples are
DAPI stained. Cyan signals specify host insect nuclei, whereas red signals indicate the endosymbiont. (a) An external dorsal view of an adult female using
transmitted light. (b) The same view as in panel a showing the bacteriome (red)
in the dorsal anterior portion of the abdomen. (c) An enlarged view of the
bacteriome showing individual bacteriocytes (red). (d) A 12-day-old pupa
removed from its pupal case. The specimen is facing right; developing wings
can be seen above and below. The pupal bacteriome (red) is visible in the
abdomen. (e) Luxol fast blue-stained section of an adult female abdomen
showing the position of the bacteriome in relation to the midgut. The specimen is dorsoventrally sectioned.

exclusively Old World monophyletic clade of obligate bat fly endosymbionts, known as “Candidatus Aschnera chinzeii” (clade A)
(20). However, the geographic distribution of this clade encompasses a much broader range than Japan (as documented by Hosokawa et al. [20]), extending into mainland Asia and the Palearctic. The results of this study support suggestions of cospeciation
between Nycteribiinae and their endosymbionts, with some conspicuous exceptions. Endosymbiont sequences obtained from two
Basilia spp. (Nycteribiinae) fall outside clade A and cluster into the
widely distributed Arsenophonus clade C (Fig. 2). Interestingly, the
Basilia spp. in question align with the New World representatives
of this genus. Despite being collected in different localities (United

2958

aem.asm.org

philia bat fly (Streblidae: Nycterophiliinae) by fluorescent in situ hybridization. Samples are DAPI stained. Cyan signals specify host insect nuclei,
whereas red signals indicate endosymbionts. (a) An external lateral view of an
adult female using transmitted light. (b) The same view as in panel a showing
the bacteriome (red) in the ventral anterior of the abdomen. (c) An enlarged
view of the bacteriome (red) showing individual bacteriocytes. (d) A transmitted light image of a male specimen showing the position of abdominal
structures.

States and Panama), their Arsenophonus sequences show 99.2%
pairwise similarity, suggesting a possible endosymbiont replacement in New World Basilia (and Nycteribiinae), as well as a geographic structuring of endosymbiont communities. Furthermore,
two endosymbiont sequences from Nycteribia spp. (Nycteribiinae; geographic locality unknown [GenBank accession no.
FJ265803 and FJ265804]) (11) fall outside clade A (Fig. 2), again
suggesting endosymbiont replacements within another geographically wide-ranging genus. Alternatively, these clade C sequences
may represent transient, local infections. Because of limited sampling throughout the known geographic ranges of Basilia and Nycteribia, whether this is truly a replacement rather than a transient
infection remains ambiguous, and the frequency of such replacements remains unclear.
Streblid endosymbionts identified by Trowbridge et al. (6),
Lack et al. (10), and Nováková et al. (11) were previously assigned
to the genus Arsenophonus. In our analysis, they form their own,
novel monophyletic lineage (clade B), which is distinct from but
allied to “Candidatus Riesia pediculicola” (Fig. 3). Therefore, in a
manner similar to “Candidatus Aschnera chinzeii,” this clade
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FIG 5 Localization of the endosymbiont signal in an adult female Nyctero-
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sively New World subfamily Nycterophiliinae and the T. caecus
group of Trichobiinae, respectively. The long branches dividing
the subclades from each other suggest independent acquisition
events of endosymbionts in ancestral host fly lineages (Fig. 1 and
3). It is notable that species belonging to the T. caecus group (including T. bilobus, T. caecus, T. galei, T. johnsonae, T. machadoallisoni, T. wenzeli, and T. yunkeri) (46) and Nycterophilia bat flies
overlap substantially in host distribution, mostly occurring on
ambient temperature and hot-cave-roosting bats in the families
Natalidae and Mormoopidae, as well as some Phyllostomidae.
The relatively close phylogenetic relationship between symbionts
in these two host clades is more likely due to ecological shifts by
their bat fly hosts to specialize on bats roosting in hot caves (41)
rather than to host phylogeny, as there is currently no evidence of
shared ancestry between the T. caecus group of Trichobius and
Nycterophiliinae.
Bacteriomes and vertical transmission of endosymbionts in
bat flies. We detected endosymbionts in pupae and adults for both
Nycterophilia (clade D) and Trichobius (clade B) bat flies. Based on
the viviparous reproductive strategy of bat flies, which entails the
intrauterine development of the larva and the deposition of a nonmotile, nonfeeding pupa (see introduction), the presence of endosymbiont DNA across developmental stages provides strong
evidence for vertical endosymbiont transmission in clades B and
D. This is further supported by the fact that pupae collected from
glue traps (ages 0 to 12 h), with no prior cave wall contact, showed
genetically identical endosymbiont DNA to that of their maternal
parents, as well as fluorescent signal (see FISH results). In addition, the same bat fly species collected from geographically distant
and ecologically diverse caves contain genetically highly similar
endosymbiont DNA (e.g., T. intermedius in Fig. 3), suggesting
patterns of vertical inheritance, rather than de novo acquisition
from the environment. This now supports vertical transmission
for three of four major endosymbiont clades associated with bat
flies (20).
Previous studies of bat fly endosymbiont localization by in situ
hybridization concentrated on representative nycteribiid hosts of
“Candidatus Aschnera chinzeii” (clade A). Specifically, both male
and female Nycteribia and male Penicillidia bat flies showed loose
clusters of bacteriocytes scattered in different locations of their
abdominal cavities (20). In Nycteribia, this seems to be a general
trend across species (20). In contrast, female Penicillidia were
shown to house symbionts in the milk gland and in a novel paired
bacteriome at the position of the lateral sclerotized plates of sternite 5. Based on these observations, Hosokawa et al. (20) hypothesized the evolution of different symbiotic organs in closely related bat flies that were infected by the same, evolutionarily
conserved endosymbiont. In representative streblid host flies of
endosymbiont clades B (Trichobius) and D (Nycterophilia), however, the results show singular bacteriomes, with no difference in
localization between the sexes in Trichobius. Although no fluorescence was detected in male Nycterophilia flies, PCR detected endosymbionts in 100% of all males. Therefore, the negative results
could be due to our small sample size of males (5) coupled with
sample preservation problems or to a low-level infection in males
that is difficult to detect by in situ methods. The general location of
the bacteriome in the Trichobius abdomen is similar to that observed in the related tsetse flies (Glossinidae), but unlike Wigglesworthia glossinidia, the primary endosymbiont of Trichobius does
not appear to reside in the epithelial lining of the midgut (9). This
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should be considered distinct from both “Candidatus Riesia” and
Arsenophonus. The prior assessment of these sequences as Arsenophonus is an example of how studies involving small numbers of
sequences limit our understanding of microbial taxonomy. The
uniqueness of this clade is further supported by high sequence
divergence and the significantly faster evolutionary rate along the
branch leading to the ancestral node of lineage B, compared to the
Arsenophonus clade (Table 1). Specifically, clade B contains endosymbionts of bat flies in the subfamilies Trichobiinae and Streblinae, with the striking exception of those of the T. caecus group,
which supports clade D symbionts (see below). Within clade B,
three poorly supported endosymbiont clades emerge, uniting bacterial sequences obtained from the bat fly genera Aspidoptera, Strebla, Megistopoda, Paratrichobius, and Trichobius (Fig. 3). These
subclades correspond roughly with the bat fly species divisions
(series 1 through 3) of Wenzel and Tipton (1), but more data are
needed to warrant a claim for cospeciation. The poorly supported
relationships between clades A and B and “Candidatus Riesia”
obscure their evolutionary history, although it is likely that clade A
and B symbiont associations are independent events and date back
to a common ancestor in their respective host clades (Fig. 3).
Clade C includes type Arsenophonus sequences, symbiont sequences from Hippoboscidae, ticks, and other invertebrates (11),
and an array of symbiont sequences from the geographically widespread Old World Cyclopodiinae, Nycteriboscinae, some Nycteribia, as well as New World Basilia (both Nycteribiinae) (Fig. 1).
The lack of well-defined subclusters in the network (Fig. 1 and 2)
and poor support for subclade nodes in the phylogenetic analyses
(Fig. 3) make inferences about specific relationships and symbiont
acquisitions within this clade impossible at this time (e.g., Leptocyclopodia spp.). Some endosymbiont subclades seem to exhibit
patterns of reciprocal monophyly on a bat fly genus level (i.e.,
Eucampsipoda spp.) (Fig. 3). Arsenophonus is clearly a complex
lineage, composed of a number of horizontally transmitted clades
of unknown function with several vertically transmitted monophyletic clades restricted to specific groups of arthropods (11).
Some bat fly-associated Arsenophonus sequences show short
branches (i.e., Brachytarsina sp. and Megastrebla sp.), suggesting a
recent, possibly horizontal, acquisition and possibly transient infections (Fig. 3). Others, such as endosymbiont sequences associated with Eucampsipoda spp., have relatively longer branches, possibly indicating an older association with this genus or more rapid
endosymbiont evolution (Fig. 3 and Table 1). That heterogeneous
Arsenophonus clades have repeatedly established endosymbiotic
relationships with diverse groups of bat flies, to the apparent exclusion of other bacterial groups, suggests that Arsenophonus has
characteristics making it a particularly successful invader and/or
especially persistent once it has invaded. The type strain of Arsenophonus (A. nasoniae) is a widespread parasite with a large genome
and substantial metabolic capabilities (43), is able to transmit horizontally between species (44), and can be cultured in cell-free
media. Other Arsenophonus strains (e.g., Arsenophonus arthropodicus in the louse fly Pseudolynchia canariensis) have been successfully cultured in insect cell lines (19). Furthermore, the A. nasonia
genome encodes elements of the type III secretion system (45),
commonly used by pathogenic bacteria to invade host cells. These
characteristics may contribute to repeated invasions of novel insect lineages, where, once established, Arsenophonus may persist
and sometimes adopt the characteristics of a mutualist.
Clade D unites two novel subclades associated with the exclu-
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suggests that heterogeneous endosymbiont clades have differential cellular preferences in hosts. Wigglesworthia endosymbionts
and clade B symbionts in bat flies are not closely related (Fig. 1),
but may be functionally and immunologically similar. Although
the location of the bacteriocytes in Nycterophilia flies is clearly
associated with the crop, it remains unclear at this point if it is
actually part of the crop (Fig. 5). Currently, there are no examples
of similar endosymbiont locations from other insects, and further
studies with more specimens are necessary to resolve this issue.
Biological function of endosymbionts in bat flies. The high
prevalence of symbionts of clades A, B, and D in bat fly populations, their high AT bias, the reciprocal monophyly and codivergence of symbionts and fly hosts in clades and subclades, the localization of symbionts in bacteriomes, as well as their vertical
transmission in these clades all suggest an obligatory association of
symbiont clades A, B, and D with their bat fly hosts. Based on their
close phylogenetic relationship to Glossinidae and their similar
blood-feeding habits, it is possible that these heterogeneous symbiont clades also engage in a nutritional symbiosis, which, in a
manner similar to the Wigglesworthia symbiont in tsetse flies, may
influence bat fly longevity, digestion, productivity, and vector
competence (i.e., Bartonella) (9, 39). Furthermore, the high prevalence of infection in both males and females across clades A (20),
B, and D suggests that these symbionts likely do not produce a
male-killing phenotype, as has been identified in Arsenophonus
nasoniae, although prevalence in both males and females does not
preclude other forms of reproductive manipulation.
Clade C symbionts (Arsenophonus) may also be obligate symbionts in some bat flies, or, alternatively, may represent local, transient infections. The reciprocal monophyly of symbionts and species of Eucampsipoda may be an indication of evolutionarily stable
associations, but this connection remains tenuous. Documented
phenotypes for Arsenophonus in insects include son killing (12, 47,
48), obligate mutualism (5, 18, 21), and presumably horizontally
transmitted associates with unknown but possibly mutualistic
roles in plant-feeding insects, such as whiteflies (14) and aphids
(15), and blood-feeding arthropods, such as ticks (49), triatomine
bugs (7), and louse flies (6, 11, 19). This research expands our
understanding of the evolution of endosymbiotic associations in
bat flies. Because of a (still) limited sampling across the taxonomic
diversity, geographic range, and life history stages of bat flies,
many aspects of symbiont-bat fly associations remain to be discovered.
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Sample ID

Subfamily

Species Group

Species ID

Location

Host

a

GenBank Accession #

16S

groL

Nycteribiidae
VR35

Cyclopodiinae

N/A

Dipseliopoda biannulata

Kenya

Rousettus sp.

KC597770

BDP4416

Cyclopodiinae

N/A

Eucampsipoda africana

Kenya

Rousettus aegyptiacus

KC597710

KC597773

P636

b

Cyclopodiinae

N/A

Eucampsipoda cf. latisterna

China

Rousettus leschenaulti

KC597754

KC597806

P639

b

Cyclopodiinae

N/A

Eucampsipoda cf. latisterna

China

Rousettus leschenaulti

KC597755

KC597807

JAE514b

Cyclopodiinae

N/A

Eucampsipoda inermis

Philippines

Rousettus amplexicaudatus

KC597725

KC597785

P4496

Cyclopodiinae

N/A

Eucampsipoda inermis

Philippines

Rousettus amplexicaudatus

KC597758

KC597809

Cyclopodiinae

N/A

Leptocyclopodia brevicula

Philippines

Ptenochirus jagori

KC597729

Cyclopodiinae

N/A

Leptocyclopodia brevicula

Philippines

Ptenochirus jagori

KC597732

Cyclopodiinae

N/A

Leptocyclopodia brevicula

Philippines

Ptenochirus jagori

KC597733

Cyclopodiinae

N/A

Leptocyclopodia brevicula

Philippines

Ptenochirus jagori

KC597756

Cyclopodiinae

N/A

Leptocyclopodia ferrarii ssp. 1

Philippines

Eonycteris robusta

KC597757

JAE3261
JAE3329

b

JAE3330
P2466

b

P2650

KC597808

P414

Cyclopodiinae

N/A

Leptocyclopodia ferrarii ssp. 2

China

Rhinolophus affinis

KC597751

KC597804

JAE1033b

Cyclopodiinae

N/A

Leptocyclopodia n. sp. 1

Philippines

Harpyionycteris whiteheadi

KC597727

KC597787

JAE3269

Cyclopodiinae

N/A

Leptocyclopodia n. sp. 1

Philippines

Harpyionycteris whiteheadi

KC597730

JAE3270

Cyclopodiinae

N/A

Leptocyclopodia n. sp. 1

Philippines

Harpyionycteris whiteheadi

KC597731

KC597789

JAW05

Nycteribiinae

Basilia ferruginea group

Basilia boardmani

USA

Myotis austroriparius

KC597734

KC597790

CW26.10.03-3

Nycteribiinae

Basilia ferruginea group

Basilia tiptoni

Panama

Mimon crenulatum

KC597714

ZAG03b

Nycteribiinae

Basilia nattereri group

Basilia nattereri

Slovenia

Myotis nattereri

KC597772

KC597817

CHI05

Nycteribiinae

Penicillidia conspicua group

China

Rhinolophus sp.

KC597713

KC597775

JAE978

Nycteribiinae

Penicillidia jenynsii group

Philippines

Miniopterus fulginosus

KC597726

KC597786

JAE1224

Nycteribiinae

Phthiridium biarticulata group

Penicillidia dufourii ssp.
Penicillidia oceanica
acuminata
Phthiridium cf. tonkinensis

Philippines

Rhinolophus inops

KC597728

KC597788

P440

Nycteribiinae

Phthiridium biarticulata group

Phthiridium chinensis

China

Rhinolophus macrotis

KC597752

MALA15b

Nycteribiinae

Phthiridium biarticulata group

Phthiridium sp. 1

Malaysia

Hipposideros sp.

KC597736

P220

Nycteribiinae

Phthiridium biarticulata group

Phthiridium sp. 2

China

Rhinolophus affinis

KC597750

KC597803

P479

Nycteribiinae

Phthiridium biarticulata group

Phthiridium sp. 3

China

Rhinolophus affinis

KC597753

KC597805

Streblidae
P4635

Nycteriboscinae

N/A

Brachytarsina sp. 1

Philippines

Rhinolophus sp.

KC597760

P4643

Nycteriboscinae

N/A

Brachytarsina sp. 2

Philippines

Haplonycteris fisheri

KC597761

P4511.2

Nycteriboscinae

N/A

Megastrebla sp.

Philippines

Eonycteris robusta

KC597759

KC597810

FE21

Nycterophiliinae

N/A

Nycterophilia cf. coxata

Puerto Rico

[environmental]

JX853054

JX853166

DR05256

Nycterophiliinae

N/A

Nycterophilia coxata

Dominican Republic

Pteronotus parnellii

JX853049

JX853153

MEXG3

Nycterophiliinae

N/A

Nycterophilia coxata

Mexico

Pteronotus sp.

JX853065

JX853158

DR05161.1

Nycterophiliinae

N/A

Nycterophilia n. sp.

Dominican Republic

Macrotus waterhousii

JX853038

JX853137

MEXA4.2

Nycterophiliinae

N/A

Nycterophilia parnelli

Mexico

Pteronotus parnellii

JX853063

JX853126
KC597798

MEX15.1

Streblinae

N/A

Strebla diphyllae

Mexico

Diphylla ecaudata

KC597744

PMV618

Trichobiinae

N/A

Anatrichobius scorzai

Peru

Myotis keaysi

KC597762

TK135285

Trichobiinae

N/A

Aspidoptera falcata

Mexico

Sturnira parvidens

KC597768

TK135293

Trichobiinae

N/A

Aspidoptera phyllostomatis

Mexico

Artibeus jamaicensis

KC597769

KC597811

KC597815

EHA49-M

Trichobiinae

N/A

Megistopoda aranea

Puerto Rico

Artibeus jamaicensis

KC597721

DR05088b

Trichobiinae

N/A

Paradyschiria fusca

Dominican Republic

Noctilio leporinus

KC597718

KC597781

FG10

Trichobiinae

N/A

Paratrichobius longicrus

French Guiana

Artibeus lituratus

KC597724

KC597784

MN114

Trichobiinae

Trichobius dugesii species group

Trichobius dugesoides

Panama

Trachops cirrhosus

KC597748

KC597802

MN166

Trichobiinae

Trichobius dugesii species group

Trichobius dugesoides

Panama

Chrotopterus auritus

KC597749

DR05076

Trichobiinae

Trichobius dugesii species group

Trichobius intermedius

Dominican Republic

Artibeus jamaicensis

KC597717

KC597778

EHA49-T

Trichobiinae

Trichobius dugesii species group

Trichobius intermedius

Puerto Rico

Artibeus jamaicensis

KC597722

KC597782

MEX06

Trichobiinae

Trichobius dugesii species group

Trichobius intermedius

Mexico

[environmental]

KC597740

KC597795

b

Trichobiinae

Trichobius dugesii species group

Trichobius intermedius

Mexico

Artibeus lituratus

KC597743

KC597797

PSU1303

Trichobiinae

Trichobius dugesii species group

Trichobius intermedius

Puerto Rico

Artibeus lituratus

KC597763

KC597812

SM10052102.1

Trichobiinae

Trichobius dugesii species group

Trichobius intermedius

Puerto Rico

[environmental]

KC597767

DR05139.3

Trichobiinae

Trichobius dugesii species group

Trichobius neotropicus

Dominican Republic

Macrotus waterhousii

KC597719

KC597779

DR05161.3

Trichobiinae

Trichobius dugesii species group

Trichobius neotropicus

Dominican Republic

Macrotus waterhousii

KC597720

KC597780

MEX05

Trichobiinae

Trichobius dugesii species group

Trichobius parasiticus

Mexico

Desmodus rotundus

KC597739

KC597794

MEX08

Trichobiinae

Trichobius dugesii species group

Trichobius parasiticus

Mexico

[environmental]

KC597742

KC597796

MEX10

MEX2009F1

Trichobiinae

Trichobius dugesii species group

Trichobius parasiticus

Mexico

[environmental]

KC597747

KC597801

FG08

Trichobiinae

Trichobius caecus species group

Trichobius cf. yunkeri

French Guiana

unknown

KC597723

KC597783

MEX17

Trichobiinae

Trichobius caecus species group

Trichobius n. sp. 1

Mexico

Natalus mexicanus

KC597745

KC597799

MEX02

Trichobiinae

Trichobius caecus species group

Trichobius n. sp. 2

Mexico

Natalus mexicanus

KC597738

KC597793

MEX07

Trichobiinae

Trichobius caecus species group

Trichobius n. sp. 2

Mexico

Pteronotus sp.

KC597741

KD0802111.1

Trichobiinae

Trichobius major species group

Trichobius cf. cernyi

Bahamas

[environmental]

KC597735

KC597791

BFPaperpupa1

Trichobiinae

Trichobius major species group

Trichobius frequens

Puerto Rico

[environmental]

KC597711

KC597774

BFPaperpupa2

Trichobiinae

Trichobius major species group

Trichobius frequens

Puerto Rico

[environmental]

KC597712

SM1204072.1

Trichobiinae

Trichobius major species group

Trichobius frequens

Puerto Rico

[environmental]

KC597764

KC597813

SM1204072.2

Trichobiinae

Trichobius major species group

Trichobius frequens

Puerto Rico

[environmental]

KC597765

KC597814

SM1204072.4

Trichobiinae

Trichobius major species group

Trichobius frequens

Puerto Rico

[environmental]

KC597766

CWD998

Trichobiinae

Trichobius major species group

Trichobius major

USA

Eptesicus fuscus

KC597715

KC597776

MEX2009E3

Trichobiinae

Trichobius major species group

Trichobius sp. 3

Mexico

[environmental]

KC597746

KC597800

DKb

N/A

Lipoptena cervi

USA

Odocoileus sp.

KC597716

KC597777

MCP-05-165

N/A

Ornithomyia fringillina

USA

Melospiza georgiana

KC597737

KC597792

WSPA2000

N/A

Lipoptena depressa

USA

[environmental]

KC597771

KC597816

Hippoboscidae

a
b

Where known.
Wolbachia and/or Bartonella bacteria were also detected for these 11 samples.

