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ABSTRACT Endosymbiotic Wolbachia bacteria are known to influence the host physi-
ology, microbiota composition, and dissemination of pathogens. We surveyed a popula-
tion of Tabanus nigrovittatus, commonly referred to as “greenheads,” from Crane Beach
(Ipswich, MA, USA) for the presence of the alphaproteobacterial symbiont Wolbachia.
We studied the COI (mitochondrial cytochrome oxidase) marker gene to evaluate the
phylogenetic diversity of the studied specimens. The DNA sequences show strong simi-
larity (between 99.9 and 98%) among the collected specimens but lower similarity to
closely related entries in the NCBI database (only between 96.3 and 94.7%), suggesting
a more distant relatedness. Low levels of Wolbachia presence necessitated a nested PCR
approach, and using 5 markers (ftsZ, fbpA, dnaA, coxA, and gatB), we determined that
two recognized “supergroups” of Wolbachia species were represented in the studied
specimens, members of clades A and B. Using next-generation sequencing, we also sur-
veyed the insect gut microbiomes of a subset of flies, using Illumina and PacBio 16S
rRNA gene sequencing with barcoded primers. The composition of Proteobacteria also
varied from fly to fly, with components belonging to Gammaproteobacteria making up
the largest percentage of organisms (30 to 70%) among the microbiome samples. Most
of the samples showed the presence of Spiroplasma, a member of the phylum
Mollicutes, although the frequency of its presence was variable, ranging from 2 to 57%.
Another noteworthy bacterial phylum consistently identified was Firmicutes, though the
read abundances were typically below 10%. Of interest is an association between
Wolbachia presence and higher Alphaproteobacteria representation in the micro-
biomes, suggesting that the presence of Wolbachia affects the host microbiome.

IMPORTANCE Tabanus nigrovittatus greenhead populations contain two super-
groups of Wolbachia endosymbionts, members of supergroups A and B. Analysis
of the greenhead microbiome using next-generation sequencing revealed that
the majority of bacterial species detected belonged to Gammaproteobacteria,
with most of the samples also showing the presence of Spiroplasma, a member
of the Mollicutes phylum also known to infect insects. An association between
Wolbachia presence and higher Alphaproteobacteria representation in the microbiomes
suggests that Wolbachia presence affects the host microbiome composition.
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W olbachia bacteria are maternally inherited obligate endosymbiotic Alphaproteobacteria
most closely related to Ehrlichia and Anaplasma. They are estimated to be present in

40 to 60% of all arthropod species (1, 2) and are classified into 17 clades called “super-
groups” (including those within nematodes) (3, 4). In arthropods, they are associated with
reproductive manipulations, including feminization, parthenogenesis, male-killing, and
cytoplasmic incompatibility, by which they help ensure their own frequency in the popula-
tion (5–7). The reproductive manipulations have evolutionary consequences, leading to
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speciation events by reproductive isolation (5, 8–12). While generally thought of as para-
sitic in arthropods, there is increasing evidence that they have mutualistic benefits for their
hosts, for instance in times of nutritional stress or in conferring resistance to viral infections
to the host (4, 13–15). As part of a larger phylogenetic survey, we wished to determine the
occurrence ofWolbachia endosymbionts in Tabanus nigrovittatus.

Tabanus nigrovittatus horseflies, commonly referred to as “greenheads” due to their
large greenish eyes (Fig. 1), are found in the marshes of Massachusetts, as well as in
many other locations along the eastern United States (16–18). They belong to a large
family of over 140 genera which includes over 4,000 species (19). Greenhead adults
typically emerge in midsummer, after larval overwintering and brief pupation in the
marshes, often after a salt marsh flooding and usually associated with a corresponding
full moon, which has given rise to folklore about their arrival and departure based on
the full-moon cycle. Females are the blood-feeding sex, and while the nutritional source
for the first egg-laying is derived from larval stage feeding, females require blood meals
to produce additional egg masses. Females migrate from the marsh areas to more open
landscapes to find blood-meal hosts, including humans. They are notorious pests con-
founding many outdoor summertime activities, with significant economic effects due to
their aggressive blood-feeding using mouthpart structures that create a painful scissor-
like piercing to reach blood capillaries (20).

As pests, greenheads are difficult to control, as the majority of their life is spent under-
ground; they surface only once a year and undergo a single generation per season, as
opposed to mosquitos, with multiple generations per season. Their wide geographic
range, large population size, long-range distance flight ability, and the fact that their eggs
and larvae are also a food source for many coastal birds and fish make elimination strat-
egies complicated (17, 18).

Certain Tabanus species can transmit diseases and pathogens, in addition to the
obvious effects of puncture wounds (19, 21, 22). They are generally not biological vectors
of disease but rather mechanical vectors and serve as carriers for pathogens, rather than
enabling the pathogens to develop into infective stages within them (19). Diseases carried

FIG 1 Photo of Tabanus nigrovittatus (horsefly), often called “greenhead” due to its large green eyes.
Image from https://en.wikipedia.org/wiki/Tabanus_nigrovittatus (https://commons.wikimedia.org/wiki/
File:Greenhead_Horse-Fly,_cropped.jpg by Maximilian Paradiz from Merida, Mexico; CC BY 2.0, https://
creativecommons.org/licenses/by/2.0, via Wikimedia Commons).
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by tabanids include viruses, bacteria (such as Anaplasma), trypanosomes, and filarial para-
sites (such as Loa loa), which largely infect stock animals such as ruminants and horses.
While little is known about human transmission, there is epidemiological evidence that
some diseases are carried into humans, such as deer fly fever (caused by Francisella tular-
ensis) (23).

Samples of Tabanus nigrovittatus were collected at Crane Beach (Ipswich, MA, USA),
adjacent to salt marshes in late July 2019, to evaluate the presence and local phyloge-
netic diversity of the Wolbachia endosymbiont. We further analyzed the collected sam-
ples to determine their intestinal microbiome diversity.

RESULTS
Tabanus nigrovittatus diversity. Phylogenetic analysis of COI (mitochondrial cyto-

chrome oxidase) was performed to study the relationships among the collected Tabanus
nigrovittatus specimens, as well as their relationships with species belonging to the genera
Tabanus and Hybomitra (Fig. 2). The COI analysis showed that all 10 of the collected T.
nigrovittatus specimens form a clade and are closely related (Fig. 2). The pairwise compari-
sons of the COI marker were between 99.9 and 98% similar for the collected specimens
(Table S4 in the supplemental material). However, when we studied the pairwise compari-
son between the collected specimens and the only COI sequence belonging to Tabanus
nigrovittatus available at NCBI (GenBank accession number KT381971), we observed only
between 96.3 and 94.7% similarity (Table S4 in the supplemental material). Our specimens
are closely related but are more distant from the available reference (Fig. 2). The produced
phylogeny of COI (Fig. 2) indicates that all the COI sequences of Tabanus nigrovittatus
specimens form one clade. This analysis of COI sequences does not show different groups
among the studied samples, suggesting that we are not studying different populations of
T. nigrovittatus.

Detection and characterization of Wolbachia infection. For the detection of
Wolbachia in T. nigrovittatus by PCR amplification, we consistently observed very little
amplification using a standard PCR protocol. Positive Wolbachia signals were only
detected after using nested a PCR protocol to amplify the signals from previous PCR
products (24). Based upon previous observations, these data suggest that the levels of
Wolbachia colonization are likely low. Further, we found that only 6 of 10 specimens
were positive for Wolbachia in our nested PCR assay. While these data suggest a 60%
colonization rate, more rigorous sampling would be required to firm up this estimate.
It is not unusual for populations to have a variable number of infected individuals and/
or for individuals to have low Wolbachia titers (25–27). As a further validation of the
nested PCR assay, positive PCRs were sequenced by Sanger sequencing and deter-
mined to beWolbachia through sequence comparisons.

Only the ftsZ marker was successfully amplified and sequenced for the entire set of
Wolbachia-positive specimens. The phylogeny based on ftsZ showed two types of
infection: four specimens (T1, T2, T3, and BA2) harbored a Wolbachia symbiont belong-
ing to Wolbachia supergroup B, and two specimens (C and BO2) harbored a symbiont
belonging to Wolbachia supergroup A (Fig. 3). Analyses of four additional markers (dnaA,
fbpA, gatB, and coxA) provided similar results (Fig. S1 in the supplemental material).
Indeed, the analysis of dnaA confirmed that specimens C and BO2 harbored Wolbachia
supergroup B, and specimen BA2 harbored Wolbachia supergroup A. The analysis of fbpA
confirmed that specimen C harboredWolbachia supergroup B, and specimens T1 and BA2
harboredWolbachia supergroup A. The analysis of coxA confirmed that specimen BO2 har-
bored Wolbachia supergroup B, and specimen BA2 harbored Wolbachia supergroup A.
Finally, the analysis of gatB only confirmed that specimen C harbored Wolbachia super-
group B.

Microbiomes of Tabanus nigrovittatus. We examined the microbiomes of four
specimens of T. nigrovittatus (BA2, BA3, BO2, and BO3) by preparing and sequencing
the 16S rRNA gene using Illumina (V4 region) and PacBio (full-length 16S rRNA gene
amplicon) technologies (Table S5 in the supplemental material, Fig. 4). In general, both
the Illumina and PacBio sequenced data were fairly consistent for individuals BO2 and
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FIG 2 Phylogeny of the COI gene of Tabanidae species. The total length of the data sets is 614 bp. The topology was inferred using maximum
likelihood (ML) inference using IQ-TREE. The best-fit model, calculated using ModelFinder according to the Bayesian information criterion (BIC)
index, was TIM31I1G4. The nodes are associated with bootstrap values based on 1,000 replicates; only bootstrap values over 70 are shown.
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BO3. More variability was observed for BA2 and BA3. For both of them, PacBio
sequencing indicated more Alphaproteobacteria and Gammaproteobacteria presence
than with Illumina sequencing, while the Illumina data showed a higher presence of
Mollicutes than the PacBio sequencing (Table S5 in the supplemental material, Fig. 4).
Generally, the samples sequenced using the Illumina NextSeq system showed a higher
Spiroplasma presence than in the PacBio Sequel data (Table 1 and Fig. 4). This may be
the result of biases in either the library preparation or the different PCR primers used
before sequencing. There were few other differences between the sampled populations,
as all microbiomes consisted mainly of Gammaproteobacteria, Alphaproteobacteria,
Mollicutes, and Bacillus. PacBio sequencing libraries were also prepared for six other indi-
vidual flies, although the quality of these PCR-based libraries was significantly inferior to
those of the four that were sequenced on both platforms, and they were not included in
the study. These produced sequences were also relatively consistent among individuals
(data not presented).

The microbial composition of T. nigrovittatus is primarily defined by a limited diver-
sity of bacterial phyla. In most cases, Proteobacteria is the most dominant phylum
within the microbiome, as was noted in multiple specimens. In most cases, the majority
belong to the class Gammaproteobacteria, which made up the majority of classified
reads, except in one sample (BA3), which also contained high numbers of Spiroplasma
(Mollicutes) Illumina sequence reads (in contrast to the PacBio sequencing result, as
described previously). Within the Gammaproteobacteria, a wealth of Vibrio-related ribo-
somal reads in two high-quality samples (BA2 and BA3) were consistent with those of
Vibrio fluvialis and Vibrio furnissii. They composed 3 and 8% of the microbiome of BA2
(based on PacBio and Illumina sequencing, respectively) and 20 and 38% (based on
Illumina and PacBio sequencing, respectively) of the microbiome of BA3, while ,0.01%

FIG 3 Unrooted phylogeny of ftsZ genes of Wolbachia. The total length of the data sets is 616 bp. The topology was inferred using maximum likelihood
(ML) inference using IQ-TREE. The best-fit model, calculated using ModelFinder according to the BIC index, was TN1G4. The nodes are associated with
bootstrap values based on 1,000 replicates; only bootstrap values over 70 are shown.
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were detected for BO2 and BO3 (Table 1). Vibrio was also identified in one low-quality
microbiome in which it composed 25% of reads (data not presented).

For samples BO2 and BO3, most of the Gammaproteobacteria reads were identified
as Pseudomonas, while low abundances were detected for BA2 and BA3 (Table 1). As
another representative of Gammaproteobacteria, Enterobacterales are detected in most
microbiomes (with the exception of BO2) (Fig. 4). Interestingly, the PacBio analysis sug-
gested the presence of Yersinia and Enterobacter, while the Illumina analysis identified

FIG 4 Microbiomes of individual T. nigrovittatus flies, as defined at the class, order, and genus levels. The resulting population statistics were based on the
Ribosomal Database Project definition. B, presence of Wolbachia from supergroup B; A, presence of Wolbachia from supergroup A; –, no Wolbachia
presence detected by PCR.
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only Serratia (Fig. 4, Table 1). In addition, a high number of unclassified read at the genus
level was observed for the Illumina sequencing (in particular, for BA2 and BO3) (Fig. 4).

With respect to Alphaproteobacteria present in the microbiomes, Rhodospirillales are
the most abundant (Acetobacter or Gluconacetobacter) that are likely acetic acid-pro-
ducing bacteria (Fig. 4). Of interest is that for the two Wolbachia-positive individuals
(BA2, harboring Wolbachia from supergroup B, and BO2, harboring Wolbachia from
supergroup A), we observed a tendency toward higher counts of Alphaproteobacteria
reads (21 to 25% for PacBio sequencing; 37 to 44% for Illumina sequencing) than those
within Wolbachia-negative individuals (1 to 4% for PacBio; 1 to 11% for Illumina)
(Table S5 in the supplemental material, Fig. 4). Analysis of the PacBio reads suggests
the presence of Acetobacter, while analysis of the Illumina reads shows the presence of
Gluconacetobacter, as majority representatives of Alphaproteobacteria (Table 1, Fig. 4).
Although they represent less than 1% of the microbiome, Bacteroidetes and Actinobacteria
are also present in each microbiome sample. These representatives are typically either clas-
sified as anaerobic bacteria associated with the gut microbiome (e.g., Bifidobacterium and
Bacteroides) or aerobic bacteria associated with soil (e.g., Arthrobacter).

As mentioned, most of the samples showed the presence of Spiroplasma (Mollicutes)
(except for BO3, which showed,0.01%) (Table 1). The presence of Spiroplasma species, and
more specifically, Spiroplasma litorale, in greenheads has been previously described (28, 29).
In two samples (BA2 and BA3), its presence was higher than in the other two samples (BO2
and BO3). Whether the higher occurrence was due to its high occurrence in the microbiome
while the fly was alive or opportunistically after the death of the fly is unknown.

Besides the presence of Spiroplasma, the other noteworthy bacterial genus consistently
identified was Bacillus (bacilli), although the read abundance was typically below 10%,
except for one sample (BO3), which showed high abundances (27 to 36%) (Table 1, Fig. 4).

DISCUSSION

This is the first observation of Wolbachia in T. nigrovittatus. Based on our phyloge-
netic analyses, we identifiedWolbachia endosymbionts from two different supergroups, A

TABLE 1 Percentage of each genus and family determined for four samples, BA2, BA3, BO2, and BO3

Genus Phylum Order
Sequencing
technology

Content (%) for samplea:

BA2
(W+)

BA3
(W2)

BO2
(W+)

BO3
(W2)

Pseudomonas Gammaproteobacteria Pseudomonadales Illumina 3 ,0.01 69 22
PacBio 2 ,0.01 62 13

Vibrio Gammaproteobacteria Vibrionales Illumina 8 20 ,0.01 ,0.01
PacBio 3 38 ,0.01 ,0.01

Enterobacter Gammaproteobacteria Enterobacterales Illumina ND ND ND ND
PacBio 16 ,0.01 ,0.01 45

Yersinia Gammaproteobacteria Enterobacterales Illumina ND ND ND ND
PacBio 10 35 ,0.01 ,0.01

Serratia Gammaproteobacteria Enterobacterales Illumina 11 13 ,0.01 ,0.01
PacBio ND ND ND ND

Acetobacter Alphaproteobacteria Rhodospirillales Illumina ND ND ND ND
PacBio 40 11 32 ,0.01

Gluconacetobacter Alphaproteobacteria Rhodospirillales Illumina 20 4 23 ,0.01
PacBio ND ND ND ND

Spiroplasma Mollicutes Entomoplasmatales Illumina 33 57 2 ,0.01
PacBio 16 9 ,0.01 ,0.01

Bacillus Firmicutes Bacillales Illumina 3 ,0.01 ,0.01 27
PacBio 6 ,0.01 ,0.01 36

Unclassified Illumina 18 2 3 47
PacBio ND ND ND ND

Other Illumina 4 4 3 5
PacBio 6 8 6 6

aW1 and W2 refer toWolbachia presence and absence, respectively, based upon PCR analysis. ND, not detected.

Color code:
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and B, harbored by T. nigrovittatus. It is not unusual for differentWolbachia supergroups to
be present in the same arthropod populations or individuals (30–40). Thus, it is possible
that there are two lineages infecting this population of flies. There is, however, no evi-
dence of cohabitation between the diverging Wolbachia lineages within T. nigrovittatus
individuals.

One interesting observation concerns a potential effect of Wolbachia endosymbio-
sis on the presence of Alphaproteobacteria in individuals. Of the four high-quality mi-
crobial 16S rRNA amplicon analyses that were performed, the two individuals that
tested positive for Wolbachia (either supergroup A or B) both presented a tendency to-
ward higher counts of Alphaproteobacteria representation in their microbiomes (Fig. 4).
The presence of Wolbachia might favor colonization by Alphaproteobacteria or vice
versa. However, the dominant Alphaproteobacteria identified here were not Wolbachia
species, nor did they fall within the intracellular Rickettsiales; rather, they were almost
entirely acetic acid Rhodospirillales bacteria. While all the low-quality microbiomes
which tested positive for Wolbachia had dominant acetic acid bacteria populations,
there was not a significant increase from the other low-quality 16S rRNA microbiomes.
Although the evidence provided here is limited to just four individuals, the findings
support the case ofWolbachia endosymbionts affecting an organism’s microbiome.

The T. nigrovittatus microbiome is very much akin to that of many similar arthro-
pods, especially other Diptera (41), although the abundance of its various representa-
tives is quite variable from fly to fly. Gammaproteobacteria have been described as fre-
quently dominating the microbiomes of arthropods (41). For two of our samples, we
observed either a high presence of Pseudomonas (BO2) or Enterobacter (BO3). The two
other samples presented multiple Gammaproteobacteria: Vibrio, Yersinia associated
with Enterobacter, and Pseudomonas (in the case of BA2).

Spiroplasma bacteria are common in blood-feeding arthropods, where they can be
commensalists, mutualists, or more rarely, pathogens (42–44). While the association
may be of an inherited mutualism, the high incidence of Spiroplasma in some samples
(BA2 and BA3) and not in others (BO2 and BO3) may rather be associated with the dif-
ferent population sampling. While it was recently shown that the presence of
Spiroplasma leads to reduced Wolbachia titers in quill mites (45), our results do not
show the same tendency. Of the two individuals having a higher level of Spiroplasma,
one was infected by Wolbachia bacteria (BA2) but not the other (BA3). However, our
sample (four individuals) was too small to form a strong conclusion.

Differences in classification between short-read partial 16S-based microbiomes and
long-read full gene-based microbiomes were observed and coincide with previous
studies analyzing community structure (44, 46, 47). While our Illumina primers targeted
the V4 region of the bacterial 16S rRNA subunit, comparison to the whole-gene ampli-
fication of PacBio single-molecule real-time (SMRT) sequencing suggests that short
reads may miss important elements of microbial diversity. Our data show that Illumina
data analysis provides a less effective taxonomic profiling than PacBio data analysis,
with a high percentage of unclassified reads at the order and genus levels (particularly
for BA2 and BO3). The mischaracterization of the genus Acetobacter as Gluconacetobacter
is a fairly minute detail; both are acetic acid bacteria and are classified accurately down to
the family level. The inability to taxonomically classify Enterobacter may result in large dis-
crepancies in microbial abundance. Ultimately, while Illumina short-read sequencing is
effective in microbiome analysis at a higher taxonomic level, long-read analyses show
much greater power for in-depth classification (44, 46, 47).

CONCLUSIONS

Based upon the PCR and sequencing analysis performed on T. nigrovittatus individ-
uals, Wolbachia endosymbionts from both supergroups A and B are present in the
sampled population, at a frequency of about 60%, estimated from the small sample
size. We have no evidence that more than one supergroup is present in any one indi-
vidual or that the presence of any one particular supergroup relates to the any of the
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sampling. The T. nigrovittatus microbiome shares commonality with other Diptera
microbiomes, consisting of Gammaproteobacteria, Alphaproteobacteria, Mollicutes, and
Firmicutes, although the abundances of its representatives are quite variable from fly
to fly. All populations also contain Spiroplasma at various levels. Although the evidence
provided here is limited to just four individuals, the findings support the supposition
of an interaction between Wolbachia endosymbionts and an organism’s microbiome,
especially Alphaproteobacteria. This preliminary report extends the presence of
Wolbachia to a new species and provides a set of protocols for similar analyses in
other organisms.

MATERIALS ANDMETHODS
Sampling and DNA extraction. Female (biting) greenheads were hand collected at several locations

at Crane Beach (managed by the Trustees of Reservations) in Ipswich, MA, in the summer of 2019 and
stored on ice until being frozen at 220°C. For DNA isolation, the flies were surface sterilized by immer-
sion in a 50% bleach solution (4% sodium hypochlorite) for 5 min and rinsed three times with a large
volume of sterile water in petri dishes. DNA was isolated using the Monarch DNA isolation kit (New
England Biolabs, NEB), after first cutting the flies into small pieces on a petri dish on ice, removing the
heads and wings, and then grinding them in a small sterile mortar and pestle on dry ice. The ground ma-
terial was transferred to lysis buffer in 1.5-ml microcentrifuge tubes, and 10 mg/ml proteinase K was
added before overnight incubation at 56°C with shaking in a thermomixer at 800 rpm. The procedures
and volumes followed those described in the NEB kit manual (for tissue isolation), and DNA was eluted
from the column using 100 ml of elution buffer. The yields were somewhat variable among the individ-
ual isolates but provided sufficient DNA for both PCR analysis and microbial 16S rRNA amplicon
sequencing analysis. The quality of the DNA was analyzed on 1% agarose gel and quantified using a
Qubit fluorometer (Invitrogen).

Greenhead characterization. A total of 10 specimens were selected for the study from 3 independ-
ent samplings (on different dates) in 2019 from Crane Beach (Ipswich, MA; managed by the Trustees of
Reservations). We analyzed the specimens labeled GHC and GHBO1 to GHBO3 for the first batch, GHBA1
to GHBA3 for the second batch, and GHT1 to GHT3 for the third. In order to verify the quality of the DNA
extraction and study the diversity of the sampling, PCR targeting the host COI (mitochondrial cyto-
chrome oxidase) gene was performed. The PCR amplification was performed using the broad-range
DNA primers LCOI490 (59-GGTCAACAAATCATAAAGATATTGG-39) and HC02198 (59-TAAACTTCAGGGTG
ACCAAAAAATCA-39) (48). PCR was performed in a final volume of 25 ml: 1� OneTaq buffer (MgCl2-free),
2.5 mM MgCl2, 0.3 mM of each deoxynucleoside triphosphate (dNTP), 0.5 mM of each primer, and 0.625
units of OneTaq Hot Start DNA polymerase (NEB). The thermal profile was as follows: 94°C for 3 min; 38
cycles of 94°C for 30 s, 42°C for 45 s, and 68°C for 90 s; then, 68°C for 5 min. For all PCRs, negative con-
trols (no DNA) were also performed to rule out contamination artifacts. A total of 10 COI PCR products
were Sanger sequenced on an ABI 3730 automated DNA sequencer at the NEB DNA Sequencing Core
Facility (Table S1 in the supplemental material). The sequences were deposited in the GenBank data
library under the accession numbers MN919538 to MN919547 (Table S1 in the supplemental material).
The produced sequences were compared with closely related species (Tabanus spp. and Hybomitra
spp.), selected based on BLASTn analysis.

Detection and molecular characterization of Wolbachia symbionts. Prescreening for Wolbachia
presence was first performed by nested PCR amplification of the Wolbachia-specific ftsZ (cell divi-
sion) gene using the primer pair ftsZF3/R3 (59-GCAAATACYGATGCTCARGC-39 and 59-ATCAATRCCAG
TTGCAAGAA-39), followed by ftsZF4/R4 (59-CTAAGGGDCTTGGTGCTGGT-39 and 59-ACYTCTTCRCGCA
CTCTATT-39). Four other genes were also amplified (dnaA, coxA, fbpA, and gatB), as described by
Lefoulon et al. (24) (Table S2 in the supplemental material). For all PCRs, negative controls (no DNA)
were also performed to rule out contamination artifacts. The PCR products were Sanger sequenced
after purification using the NEB Monarch PCR purification kit. The sequences were analyzed by com-
parison with available sequences extracted from Wolbachia complete or draft genome sequences
and the addition of sequences from Wolbachia from Zootermopsis angusticollis and Zootermopsis
nevadensis (Table S3 in the supplemental material).

Phylogenetic analyses. Ortholog sequence alignments were generated using MAFFT (49). For the
multilocus phylogenies, a supermatrix of the alignments was generated using SeaView (50). The phylo-
genetic analyses were performed with maximum likelihood inference using IQ-TREE (51). The most
appropriate model of evolution was evaluated using ModelFinder (52) (implemented as a functionality of IQ-
TREE). The robustness of each node was evaluated by a bootstrap test (1,000 replicates). Regarding the phy-
logeny of COI, sequences from Chrysops spp. were added as an outgroup. The phylogenetic trees were
edited using FigTree (53) and Inkscape (54).

Microbial 16S rRNA amplicon library preparation for Illumina sequencing. For 4 specimens, the
16S rRNA gene was amplified using the following pair of primers: the primer 515F (59-AAT GAT ACG ACC
ACC GAG ATC TAC ACT ATG GTA ATT GTG TGC CAG CMG CCG CGG TAA-39) and the barcoded 806RC
primer (59-CAA GCA GAA GAC GGC ATA CGA GAT [12 nucleotide Illumina barcode] AGT CAG TCA GCC
GGA CTA CHV CGG TWT CTA AT-39). PCRs were performed in a final volume of 25 ml of the following
mixture: 1� Q5 Hot Start high-fidelity master mix (NEB), 0.2 mM of each primer, and 100 ng DNA. The
thermal profile was as follows: 94°C for 3 min; 25 cycles of 94°C for 45 s, 50°C for 60 s, and 72°C for 90 s;
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then, 72°C for 10 min. For each specimen, triplicate PCR amplifications were performed, and the DNA
was gel purified using the Monarch DNA gel extraction kit (NEB). The DNA samples were eluted in 20 ml
0.1� Tris-EDTA (TE) and quantitated on the Agilent Bioanalyzer system using the DNA 1000 chip accord-
ing to the manufacturer’s instructions. The Illumina sequencing was performed following the standard
Illumina NextSeq protocols using the following primers: Read 1 (59-TAT GGT AAT TGT GTG CCA GCM
GCC GCG GTA A-39), Read 2 (59-AGT CAG TCA GCC GGA CTA CHV GGG TWT CTA AT-39), and index (59-
ATT AGA WAC CCB DGT AGT CCG GCT GAC TGA CT-39).

Microbial 16S rRNA amplicon library preparation for PacBio sequencing. For 10 specimens, the
16S rRNA gene was amplified using the following pair of primers: 27F (59-GGT AG [16 nucleotide bar-
code] AGR GTT YGA TYM TGG CTC AG-39) and 1459R (59-GGT AG [16 nucleotide barcode] RGY TAC CTT
GTT ACG ACT T-39). PCRs were performed in a final volume of 25 ml of the following mixture: 1� Q5 Hot
Start high-fidelity master mix (NEB), 0.3 mM of each primer, and 50 ng DNA. The thermal profile was as
follows: 98°C for 30 s; 30 cycles of 98°C for 20 s, 68°C for 30 s, and 72°C for 60 s; then, 72°C for 2 min. The
PCR products were determined on the Agilent Bioanalyzer system using the DNA 12000 chip according
to the manufacturer’s instructions. The barcoded samples were then pooled to reach an equimolar
amount and purified using AMPure PB beads (0.8� ratio of beads). A PacBio SMRTbell library was pre-
pared using the SMRTbell Express template prep kit v2.0 (PacBio), following the manufacturer’s instruc-
tions, with the difference that all the AMPure PB bead purifications were performed using a 0.8� bead
ratio. The SMRTbell library was then sequenced on the PacBio Sequel system using the diffusion
protocol.

Analysis of amplicon sequencing. For analysis of the microbial 16S rRNA amplicon sequencing
results, the PacBio reads were demultiplexed using seqtk (55). The Illumina read quality was assessed
and the reads were trimmed using Trim Galore (using the following parameters: –phred33 –fastqc –
illumina –clip_R1 5 –three_prime_clip_R2 5), and low-quality reads were removed from the data set.
Analysis of the Illumina sequence quality was performed using the Qiime2 pipeline (56) in order to attain
representative sequences from each processed fly and construct a phylogenetic tree, producing diversity
metrics. In order to similarly analyze the Illumina and PacBio data, classification of reads was performed
based on the Ribosomal Database Project (RDP) 16S small subunit rRNA database (57) using the default
settings for the Kraken 2 taxonomic sequence classification system (58).

Data availability. The data generated are available in GenBank under the BioProject accession num-
ber PRJNA600244 and the BioSample accession number SAMN13810039. The raw data are available in
the GenBank Sequence Read Archive (SRA) under the accession numbers SRR10868767 to SRR10868779.
The COI sequences are available in GenBank under the accession numbers MN919540 to MN919547. The
Wolbachia sequences are available in GenBank under the accession numbers MN937243 to MN937257.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.2 MB.

ACKNOWLEDGMENTS
Dedicated to the memory of Donald Comb, founder and former CEO of New

England Biolabs. His commitment to the environment, boundless enthusiasm, and
scientific curiosity provided the leadership and foresight for creating the unique
NEB vision and contributed to the advancement of science, and in particular, our
company research in molecular parasitology for the past 40 years. We thank Andy
Gardner, Tom Evans, Tilde Carlow, Jeremy Foster, Rich Roberts, and Jim Ellard from New
England Biolabs, Inc., for their support. We thank anonymous reviewers for constructive
comments.

This research was funded by internal research contributions from NEB. A.T. was
funded as a research student from the laboratory of Jeff Blanchard, UMass, Amherst.

E.L., A.T., and B.E.S. conceived and designed the experiments. E.L., A.T., T.C., and C.L.
performed the experiments. D.F. collected the samples. E.L. and A.T. analyzed the data.
E.L., A.T., and B.E.S. wrote the main manuscript text. All authors reviewed the manuscript.

We declare no conflicts of interest.

REFERENCES
1. Zug R, Hammerstein P. 2012. Still a host of hosts for Wolbachia: analysis of

recent data suggests that 40% of terrestrial arthropod species are infected.
PLoS One 7:e38544. https://doi.org/10.1371/journal.pone.0038544.

2. Werren JH, Windsor DM. 2000.Wolbachia infection frequencies in insects:
evidence of a global equilibrium? Proc Biol Sci 267:1277–1285. https://doi
.org/10.1098/rspb.2000.1139.

3. Lefoulon E, Clark T, Borveto F, Perriat-Sanguinet M, Moulia C, Slatko BE,
Gavotte L. 2020. Pseudoscorpion Wolbachia symbionts: diversity and

evidence for a new supergroup S. BMC Microbiol 20:188. https://doi.org/
10.1186/s12866-020-01863-y.

4. Lefoulon E, Foster JM, Truchon A, Carlow CKS, Slatko BE. 2020. The Wolba-
chia symbiont: here, there and everywhere. Results Probl Cell Differ 69:
423–451. https://doi.org/10.1007/978-3-030-51849-3_16.

5. Werren JH, Baldo L, Clark ME. 2008. Wolbachia: master manipulators of in-
vertebrate biology. Nat Rev Microbiol 6:741–751. https://doi.org/10.1038/
nrmicro1969.

Lefoulon et al.

Volume 9 Issue 2 e00517-21 MicrobiolSpectrum.asm.org 10

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA600244
https://www.ncbi.nlm.nih.gov/biosample/SAMN13810039
https://www.ncbi.nlm.nih.gov/sra/SRR10868767
https://www.ncbi.nlm.nih.gov/sra/SRR10868779
https://www.ncbi.nlm.nih.gov/nuccore/MN919540
https://www.ncbi.nlm.nih.gov/nuccore/MN919547
https://www.ncbi.nlm.nih.gov/nuccore/MN937243
https://www.ncbi.nlm.nih.gov/nuccore/MN937257
https://doi.org/10.1371/journal.pone.0038544
https://doi.org/10.1098/rspb.2000.1139
https://doi.org/10.1098/rspb.2000.1139
https://doi.org/10.1186/s12866-020-01863-y
https://doi.org/10.1186/s12866-020-01863-y
https://doi.org/10.1007/978-3-030-51849-3_16
https://doi.org/10.1038/nrmicro1969
https://doi.org/10.1038/nrmicro1969
https://www.MicrobiolSpectrum.asm.org


6. Zug R, Hammerstein P. 2018. Evolution of reproductive parasites with
direct fitness benefits. Heredity (Edinb) 120:266–281. https://doi.org/10
.1038/s41437-017-0022-5.

7. Bandi C, Dunn AM, Hurst GDD, Rigaud T. 2001. Inherited microorganisms,
sex-specific virulence and reproductive parasitism. Trends Parasitol 17:
88–94. https://doi.org/10.1016/s1471-4922(00)01812-2.

8. Bordenstein SR, O'Hara FP, Werren JH. 2001. Wolbachia-induced incom-
patibility precedes other hybrid incompatibilities in Nasonia. Nature 409:
707–710. https://doi.org/10.1038/35055543.

9. Bourtzis K, O'Neill S. 1998. Wolbachia infections and arthropod reproduc-
tion: Wolbachia can cause cytoplasmic incompatibility, parthenogenesis,
and feminization in many arthropods. Bioscience 48:287–293. https://doi
.org/10.2307/1313355.

10. Hoffmann AA, Clancy D, Duncan J. 1996. Naturally-occurring Wolbachia
infection in Drosophila simulans that does not cause cytoplasmic incom-
patibility. Heredity (Edinb) 76:1–8. https://doi.org/10.1038/hdy.1996.1.

11. Hurst GD, Jiggins FM. 2000. Male-killing bacteria in insects: mechanisms,
incidence, and implications. Emerg Infect Dis 6:329–336.

12. Zug R, Hammerstein P. 2015. Bad guys turned nice? A critical assessment
of Wolbachia mutualisms in arthropod hosts. Biol Rev Camb Philos Soc
90:89–111. https://doi.org/10.1111/brv.12098.

13. Bourtzis K, Dobson SL, Xi Z, Rasgon JL, Calvitti M, Moreira LA, Bossin HC,
Moretti R, Baton LA, Hughes GL, Mavingui P, Gilles JRL. 2014. Harnessing
mosquito-Wolbachia symbiosis for vector and disease control. Acta Trop
132 Suppl:S150–S163. https://doi.org/10.1016/j.actatropica.2013.11.004.

14. Newton ILG, Rice DW. 2020. The Jekyll and Hyde symbiont: could Wolba-
chia be a nutritional mutualist? J Bacteriol 202:e00589-19. https://doi.org/
10.1128/JB.00589-19.

15. Slatko BE, Luck AN, Dobson SL, Foster JM. 2014. Wolbachia endosym-
bionts and human disease control. Mol Biochem Parasitol 195:88–95.
https://doi.org/10.1016/j.molbiopara.2014.07.004.

16. Dowling C. 2013. Greenheads: why can’t we control the problem? New-
buryport.com. https://www.newburyport.com/greenheads-why-cant-we
-control-the-problem/.

17. Graves A. 15 July 2013. Beasts of the northern wild: all about greenhead flies.
Yankee Magazine, Dublin, NH. https://newengland.com/yankee-magazine/
living/pests/greenheads/.

18. Hansen E, Race S. 2017. The greenhead and you. Rutgers Equine Science
Center Rutgers.

19. Baldacchino F, Desquesnes M, Mihok S, Foil LD, Duvallet G, Jittapalapong
S. 2014. Tabanids: neglected subjects of research, but important vectors
of disease agents! Infect Genet Evol 28:596–615. https://doi.org/10.1016/j
.meegid.2014.03.029.

20. Lehane MJ. 2005. Biology of blood-sucking insects, 2nd ed. Cambridge
University Press, Cambridge, UK.

21. Foil LD. 1989. Tabanids as vectors of disease agents. Parasitol Today 5:
88–96. https://doi.org/10.1016/0169-4758(89)90009-4.

22. Foil LD, Gorham JR. 2004. Mechanical transmission of disease agents by
arthropods. In Eldridge BF, Edman JD (ed), Medical entomology. https://
doi.org/10.1007/978-94-007-1009-2. Springer, Dordrecht, Netherlands.

23. Petersen JM, Mead PS, Schriefer ME. 2009. Francisella tularensis: an arthro-
pod-borne pathogen. Vet Res 40:7. https://doi.org/10.1051/vetres:2008045.

24. Lefoulon E, Bain O, Makepeace BL, d'Haese C, Uni S, Martin C, Gavotte L.
2016. Breakdown of coevolution between symbiotic bacteria Wolbachia
and their filarial hosts. PeerJ 4:e1840. https://doi.org/10.7717/peerj.1840.

25. Turelli M. 1994. Evolution of incompatibility-inducing microbes and their
hosts. Evolution 48:1500–1513. https://doi.org/10.1111/j.1558-5646.1994
.tb02192.x.

26. Flor M, Hammerstein P, Telschow A. 2007. Wolbachia-induced unidirec-
tional cytoplasmic incompatibility and the stability of infection polymor-
phism in parapatric host populations. J Evol Biol 20:696–706. https://doi
.org/10.1111/j.1420-9101.2006.01252.x.

27. Hoffmann AA, Hercus M, Dagher H. 1998. Population dynamics of the Wol-
bachia infection causing cytoplasmic incompatibility in Drosophila mela-
nogaster. Genetics 148:221–231. https://doi.org/10.1093/genetics/148.1.221.

28. Konai M, Whitcomb RF, French FE, Tully JG, Rose DL, Carle P, Bove JM,
Hackett KJ, Henegar RB, Clark TB, Williamson DL. 1997. Spiroplasma
litorale sp. nov., from tabanid flies (Tabanidae: Diptera) in the south-
eastern United States. Int J Syst Evol Microbiol 47:359–362. https://doi
.org/10.1099/00207713-47-2-359.

29. Lo W-S, Lai Y-C, Lien Y-W, Wang T-H, Kuo C-H. 2015. Complete genome
sequence of Spiroplasma litorale TN-1T (DSM 21781), a bacterium iso-
lated from a green-eyed horsefly (Tabanus nigrovittatus). Genome
Announc 3:e01116-15. https://doi.org/10.1128/genomeA.01116-15.

30. Rousset F, Solignac M. 1995. Evolution of single and double Wolbachia sym-
bioses during speciation in the Drosophila simulans complex. Proc Natl Acad
Sci U S A 92:6389–6393. https://doi.org/10.1073/pnas.92.14.6389.

31. Kondo N, Ijichi N, Shimada M, Fukatsu T. 2002. Prevailing triple infection
with Wolbachia in Callosobruchus chinensis (Coleoptera: Bruchidae). Mol
Ecol 11:167–180. https://doi.org/10.1046/j.0962-1083.2001.01432.x.

32. Mouton L, Henri H, Bouletreau M, Vavre F. 2003. Strain-specific regulation
of intracellular Wolbachia density in multiply infected insects. Mol Ecol
12:3459–3465. https://doi.org/10.1046/j.1365-294x.2003.02015.x.

33. Mouton L, Dedeine F, Henri H, Bouletreau M, Profizi N, Vavre F. 2004. Viru-
lence, multiple infections and regulation of symbiotic population in the
Wolbachia-Asobara tabida symbiosis. Genetics 168:181–189. https://doi
.org/10.1534/genetics.104.026716.

34. Zhao D-X, Chen D-S, Ge C, Gotoh T, Hong X-Y. 2013. Multiple infections
with Cardinium and two strains of Wolbachia in the spider mite Tetrany-
chus phaselus Ehara: revealing new forces driving the spread of Wolba-
chia. PLoS One 8:e54964. https://doi.org/10.1371/journal.pone.0054964.

35. Hiroki M, Tagami Y, Miura K, Kato Y. 2004. Multiple infection with Wolba-
chia inducing different reproductive manipulations in the butterfly Eur-
ema hecabe. Proc Biol Sci 271:1751–1755. https://doi.org/10.1098/rspb
.2004.2769.

36. Mitsuhashi W, Saiki T, Wei W, Kawakita H, Sato M. 2002. Two novel strains
of Wolbachia coexisting in both species of mulberry leafhoppers. Insect
Mol Biol 11:577–584. https://doi.org/10.1046/j.1365-2583.2002.00368.x.

37. Reuter M, Keller L. 2003. High levels of multiple Wolbachia infection and
recombination in the ant Formica exsecta. Mol Biol Evol 20:748–753.
https://doi.org/10.1093/molbev/msg082.

38. Schuler H, Arthofer W, Riegler M, Bertheau C, Krumbock S, Koppler K,
Vogt H, Teixeira LAF, Stauffer C. 2011. Multiple Wolbachia infections in
Rhagoletis pomonella. Entomol Exp Appl 139:138–144. https://doi.org/10
.1111/j.1570-7458.2011.01115.x.

39. Kittayapong P, Baisley KJ, Baimai V, O'Neill SL. 2000. Distribution and di-
versity of Wolbachia infections in Southeast Asian mosquitoes (Diptera:
Culicidae). J Med Entomol 37:340–345. https://doi.org/10.1093/jmedent/
37.3.340.

40. Zouache K, Voronin D, Tran-Van V, Mousson L, Failloux A-B, Mavingui P.
2009. Persistent Wolbachia and cultivable bacteria infection in the repro-
ductive and somatic tissues of the mosquito vector Aedes albopictus.
PLoS One 4:e6388. https://doi.org/10.1371/journal.pone.0006388.

41. Degli Esposti M, Martinez-Romero E. 2017. The functional microbiome of
arthropods. PLoS One 12:e0176573. https://doi.org/10.1371/journal.pone
.0176573.

42. Cisak E, Wójcik-Fatla A, Zając V, Sawczyn A, Sroka J, Dutkiewicz J. 2015.
Spiroplasma—an emerging arthropod-borne pathogen? Ann Agric Envi-
ron Med 22:589–593. https://doi.org/10.5604/12321966.1185758.

43. Jaenike J, Stahlhut JK, Boelio LM, Unckless RL. 2010. Association between
Wolbachia and Spiroplasma within Drosophila neotestacea: an emerging
symbiotic mutualism? Mol Ecol 19:414–425. https://doi.org/10.1111/j.1365
-294X.2009.04448.x.

44. Wagner J, Coupland P, Browne HP, Lawley TD, Francis SC, Parkhill J. 2016.
Evaluation of PacBio sequencing for full-length bacterial 16S rRNA gene
classification. BMC Microbiol 16:274. https://doi.org/10.1186/s12866-016
-0891-4.

45. Glowska E, Filutowska ZK, Dabert M, Gerth M. 2020. Microbial composi-
tion of enigmatic bird parasites: Wolbachia and Spiroplasma are the most
important bacterial associates of quill mites (Acariformes: Syringophili-
dae). Microbiologyopen 9:e964.

46. Singer E, Bushnell B, Coleman-Derr D, Bowman B, Bowers RM, Levy A, Gies
EA, Cheng J-F, Copeland A, Klenk H-P, Hallam SJ, Hugenholtz P, Tringe SG,
Woyke T. 2016. High-resolution phylogenetic microbial community profiling.
ISME J 10:2020–2032. https://doi.org/10.1038/ismej.2015.249.

47. Jeong J, Yun K, Mun S, Chung W-H, Choi S-Y, Nam Y, Lim MY, Hong CP,
Park C, Ahn YJ, Han K. 2021. The effect of taxonomic classification by full-
length 16S rRNA sequencing with a synthetic long-read technology. Sci
Rep 11:1727. https://doi.org/10.1038/s41598-020-80826-9.

48. Folmer O, Black M, Hoeh W, Lutz R, Vrijenhoek R. 1994. DNA primers for
amplification of mitochondrial cytochrome c oxidase subunit I from
diverse metazoan invertebrates. Mol Mar Biol Biotechnol 3:294–299.

49. Katoh K, Misawa K, Kuma K, Miyata T. 2002. MAFFT: a novel method for
rapid multiple sequence alignment based on fast Fourier transform.
Nucleic Acids Res 30:3059–3066. https://doi.org/10.1093/nar/gkf436.

50. Gouy M, Guindon S, Gascuel O. 2010. SeaView version 4: a multiplatform
graphical user interface for sequence alignment and phylogenetic tree build-
ing. Mol Biol Evol 27:221–224. https://doi.org/10.1093/molbev/msp259.

Tabanus nigrovittatus Wolbachia and Its Microbiome

Volume 9 Issue 2 e00517-21 MicrobiolSpectrum.asm.org 11

https://doi.org/10.1038/s41437-017-0022-5
https://doi.org/10.1038/s41437-017-0022-5
https://doi.org/10.1016/s1471-4922(00)01812-2
https://doi.org/10.1038/35055543
https://doi.org/10.2307/1313355
https://doi.org/10.2307/1313355
https://doi.org/10.1038/hdy.1996.1
https://doi.org/10.1111/brv.12098
https://doi.org/10.1016/j.actatropica.2013.11.004
https://doi.org/10.1128/JB.00589-19
https://doi.org/10.1128/JB.00589-19
https://doi.org/10.1016/j.molbiopara.2014.07.004
https://www.newburyport.com/greenheads-why-cant-we-control-the-problem/
https://www.newburyport.com/greenheads-why-cant-we-control-the-problem/
https://newengland.com/yankee-magazine/living/pests/greenheads/
https://newengland.com/yankee-magazine/living/pests/greenheads/
https://doi.org/10.1016/j.meegid.2014.03.029
https://doi.org/10.1016/j.meegid.2014.03.029
https://doi.org/10.1016/0169-4758(89)90009-4
https://doi.org/10.1007/978-94-007-1009-2
https://doi.org/10.1007/978-94-007-1009-2
https://doi.org/10.1051/vetres:2008045
https://doi.org/10.7717/peerj.1840
https://doi.org/10.1111/j.1558-5646.1994.tb02192.x
https://doi.org/10.1111/j.1558-5646.1994.tb02192.x
https://doi.org/10.1111/j.1420-9101.2006.01252.x
https://doi.org/10.1111/j.1420-9101.2006.01252.x
https://doi.org/10.1093/genetics/148.1.221
https://doi.org/10.1099/00207713-47-2-359
https://doi.org/10.1099/00207713-47-2-359
https://doi.org/10.1128/genomeA.01116-15
https://doi.org/10.1073/pnas.92.14.6389
https://doi.org/10.1046/j.0962-1083.2001.01432.x
https://doi.org/10.1046/j.1365-294x.2003.02015.x
https://doi.org/10.1534/genetics.104.026716
https://doi.org/10.1534/genetics.104.026716
https://doi.org/10.1371/journal.pone.0054964
https://doi.org/10.1098/rspb.2004.2769
https://doi.org/10.1098/rspb.2004.2769
https://doi.org/10.1046/j.1365-2583.2002.00368.x
https://doi.org/10.1093/molbev/msg082
https://doi.org/10.1111/j.1570-7458.2011.01115.x
https://doi.org/10.1111/j.1570-7458.2011.01115.x
https://doi.org/10.1093/jmedent/37.3.340
https://doi.org/10.1093/jmedent/37.3.340
https://doi.org/10.1371/journal.pone.0006388
https://doi.org/10.1371/journal.pone.0176573
https://doi.org/10.1371/journal.pone.0176573
https://doi.org/10.5604/12321966.1185758
https://doi.org/10.1111/j.1365-294X.2009.04448.x
https://doi.org/10.1111/j.1365-294X.2009.04448.x
https://doi.org/10.1186/s12866-016-0891-4
https://doi.org/10.1186/s12866-016-0891-4
https://doi.org/10.1038/ismej.2015.249
https://doi.org/10.1038/s41598-020-80826-9
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1093/molbev/msp259
https://www.MicrobiolSpectrum.asm.org


51. Nguyen L-T, Schmidt HA, von Haeseler A, Minh BQ. 2015. IQ-TREE: a fast
and effective stochastic algorithm for estimating maximum-likelihood
phylogenies. Mol Biol Evol 32:268–274. https://doi.org/10.1093/molbev/
msu300.

52. Kalyaanamoorthy S, Minh BQ, Wong TKF, von Haeseler A, Jermiin LS.
2017. ModelFinder: fast model selection for accurate phylogenetic esti-
mates. Nat Methods 14:587–589. https://doi.org/10.1038/nmeth.4285.

53. Rambaut A. FigTree. github. https://github.com/rambaut/figtree.
54. Free Software Foundation I. 1991. Inkscape. https://inkscape.org/.
55. Shen W, Le S, Li Y, Hu F. 2016. SeqKit: a cross-platform and ultrafast toolkit

for FASTA/Q file manipulation. PLoS One 11:e0163962. https://doi.org/10
.1371/journal.pone.0163962.

56. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA,
Alexander H, Alm EJ, Arumugam M, Asnicar F, Bai Y, Bisanz JE, Bittinger K,

Brejnrod A, Brislawn CJ, Brown CT, Callahan BJ, Caraballo-Rodriguez AM,
Chase J, Cope EK, Da Silva R, Diener C, Dorrestein PC, Douglas GM, Durall
DM, Duvallet C, Edwardson CF, Ernst M, Estaki M, Fouquier J, Gauglitz JM,
Gibbons SM, Gibson DL, Gonzalez A, Gorlick K, Guo J, Hillmann B, Holmes
S, Holste H, Huttenhower C, Huttley GA, Janssen S, Jarmusch AK, Jiang L,
Kaehler BD, Kang KB, Keefe CR, Keim P, Kelley ST, Knights D, et al. 2019.
Reproducible, interactive, scalable and extensible microbiome data sci-
ence using QIIME 2. Nat Biotechnol 37:852–857. https://doi.org/10.1038/
s41587-019-0209-9.

57. Wang Q, Garrity GM, Tiedje JM, Cole JR. 2007. Naive Bayesian classifier for
rapid assignment of rRNA sequences into the new bacterial taxonomy. Appl
Environ Microbiol 73:5261–5267. https://doi.org/10.1128/AEM.00062-07.

58. Wood DE, Lu J, Langmead B. 2019. Improved metagenomic analysis with
Kraken 2. Genome Biol 20:257. https://doi.org/10.1186/s13059-019-1891-0.

Lefoulon et al.

Volume 9 Issue 2 e00517-21 MicrobiolSpectrum.asm.org 12

https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1038/nmeth.4285
https://github.com/rambaut/figtree
https://inkscape.org/
https://doi.org/10.1371/journal.pone.0163962
https://doi.org/10.1371/journal.pone.0163962
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1186/s13059-019-1891-0
https://www.MicrobiolSpectrum.asm.org

	RESULTS
	Tabanus nigrovittatus diversity.
	Detection and characterization of Wolbachia infection.
	Microbiomes of Tabanus nigrovittatus.

	DISCUSSION
	CONCLUSIONS
	MATERIALS AND METHODS
	Sampling and DNA extraction.
	Greenhead characterization.
	Detection and molecular characterization of Wolbachia symbionts.
	Phylogenetic analyses.
	Microbial 16S rRNA amplicon library preparation for Illumina sequencing.
	Microbial 16S rRNA amplicon library preparation for PacBio sequencing.
	Analysis of amplicon sequencing.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

