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Bacterial Microbiota in Unfed Ticks
(Dermacentor nuttalli) From Xinjiang
Detected Through 16S rDNA Amplicon
Sequencing and Culturomics

Kai Song'#, Yuxin Ji'#, Surong Sun?#, Xihong Yue3, Cheng Wang?3, Tao Luo3, Abulimiti Moming?,
Yajun Song'", Yujiang Zhang>* and Ruifu Yang™*

Abstract

Background: Ticks are a major arthropod vector of zoonotic diseases affecting
both humans and domestic animals worldwide. Thus, studying tick microbiota
would aid in understanding of the potential threats posed by ticks.

Methods: Approximately 8,000 unfed ticks, identified as Dermacentor nuttalli,
were collected from the sylvosteppe in the western Tianshan mountains. To
investigate their potential pathogens, we divided the ticks into 36 groups of
200-300 individuals each for examination with culturomics and 16S rDNA

amplicon sequencing.

Results: A total of 237 bacterial genera were identified with the two methods.
Culturomics identified 46 bacterial species from 23 genera, predominantly
Pseudomonas, Pantoea, and Bacillus, whereas 16S rDNA sequencing identified
461 OTUs from 233 genera, predominantly Pseudomonas (53.8%), Coxiella

(17.2%), and Pantoea (6.4%).

Coxiella, Rickettsia, and ten other genera were

discovered only by sequencing, because optimal cultivating conditions were
not used for their isolation, whereas Arthrobacter and three other genera were

discovered only through culturomics.

Conclusions: Several of the identified bacteria, such as line-related sepsis-
causing Delftia acidovorans and the pneumonia agent Acinetobacter pittii, can
cause human diseases. Thus, both sequencing and culturomics methods are
crucial for comprehensive understanding of the microbiota of D. nuttalli.
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BACKGROUND

Insects are well known as vectors for
pathogen transmission. Several studies on
the bacterial diversity of ticks have been
conducted to reveal the transmission
potential of bacterial infections, given
that ticks were the first arthropods to be

identified as pathogen vectors and that,
alongside mosquitoes, they are recog-
nized as a major arthropod vector of dis-
eases affecting both humans and domestic
animals worldwide [1]. Many tick-borne
diseases have been reported, includ-
ing Lyme borreliosis caused by Borrelia

burgdorferi, Mediterranean spotted fever
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caused by Rickettsia conorii, Siberian tick typhus caused by
Rickettsia sibirica subsp. sibirica, Q fever caused by Coxiella
burnetii, and tick-borne encephalitis caused by Flavivirus
[1,2]. A single tick bite carries an alarming risk of inocu-
lation with several pathogens, because ticks typically con-
tain diverse pathogenic microbial communities [1]. The
tick Dermacentor nuttalli is an ectoparasite highly special-
ized in hematophagy and a small arthropod of the family
Ixodidae of the subclass Acarina [3]. D. nuttalli is widespread
in China, Eastern Siberia, and Mongolia, with an average
lifespan of 86 days at room temperature and 1 year or more
in nature [4,5]. D. nuttalli are triple-host ticks that over-
winter mainly as starving adults, which infest large mam-
mals in the spring; nymphs and larvae emerge in summer
and fall and parasitize various rodents [6]. These ticks can
transmit protozoan pathogens, most commonly Babesia
[7-9]. Additionally, several well-known tick-borne zoono-
sis, such as tularemia, tick-borne rickettsiosis, Lyme disease,
and tick-borne encephalitis, have been reported [4,10,11].
The spotted fever group rickettsiae in particular have been
detected in D. nuttalli at high percentages and are carried
by both adults and nymphs [10,12,13]. D. nuttalli is consid-
ered an Anaplasma ovis and lymphocytic choriomeningitis
virus vector [14,15].

This study aimed to evaluate the bacterial diversity of
adult ticks that were not feeding on large mammals and to
detect potential pathogens, particularly Brucella spp., because
ticks can act as vectors for brucellosis [16,17]. According to
the life cycle of D. nuttalli, starving adult ticks emerge from
the soil and rodent burrows, where they survive through
winter, then climb high up vegetation in spring and wait
for hosts, such as cattle and sheep passing by. They then feed
and absorb blood until becoming engorged, and lay eggs in
the soil. Considering the above life cycle, we collected D.
nuttalli ticks from vegetation in March and April of 2017
to investigate the bacterial microbiota that they contained.
Pathogens carried by these ticks are likely to be transmitted
to humans. Culturomics and 16S rDNA amplicon sequenc-
ing were applied to identify potential bacterial agents car-
ried by the unfed ticks [3].

METHODS

Sampling

During the spring (March and April) of 2017, questing adult
D. nuttalli were collected as they emerged from the soil and
rodent burrows and moved to vegetation. The ticks were
manually sampled from the wild in Guertu County, Wusu
City, which is located in the sylvosteppe of the western
Tianshan mountainous areas in Xinjiang Province, China.
The area spans 3894.25 km? and has an average elevation
of 575 m; the mean annual temperature 1s ~6.7°C. We col-
lected ~8,000 adult ticks that were not feeding on para-
sitizing hosts. All ticks were identified as D. nuttalli on the
basis of morphological characteristics [18]. Samples were
selected to investigate the ticks’ microbial diversity without
contamination due to feeding on mammals. All ticks were
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randomly divided into 36 groups of 200-300 individuals
each and were stored in 10 mL tubes at 4°C until further
examination. During the preservation period, an adequate
quantity of water was added to support the survival of the
ticks.

Surface sterilization and DNA extraction

Before DNA extraction and cultivation were performed,
each tube of ticks (200-300 individuals) was submerged in
a 75% ethanol solution for 30 s to remove any potential
microbiological contamination on the ticks” surfaces and
then thoroughly rinsed with sterile phosphate-buftered
saline (PBS) three times before crushing [19,20]. The ticks
were ground into powder, which was suspended in 5 mL of
sterile PBS. The suspension was used to extract the entire
genome of the microbiota contained within the ticks with a
commercial DNA extraction kit (QIAamp DNA Mini kit®)
as previously described [21]. After extraction, the quality of
the DNA solutions was determined with agarose gel elec-
trophoresis, and the purity and concentration were assessed
with the photodensitometry method.

16S rDNA amplicon sequencing

Amplification of the V4-V5 hypervariable regions of bac-
terial 16S rDNA was performed with a conventional poly-
merase chain reaction (PCR) procedure [22].To eliminate
contamination, sterile double-distilled water was used as a
negative control in each assay. The primers 515F (5'-GTG
CCA GCM GCC GCG GTA A-3) and 907R (5-CCG
TCA ATT CCT TTG AGT TT-3’) used in the amplifica-
tions also included an 8 bp multiplex barcode and Illumina
adapters. Amplifications were performed on a Bio-RadT100
gradient thermal cycler (Bio-Rad, CA, USA), with 1 min of
pre-denaturation at 98°C, 30 cycles for 10 s of denaturation
at 98°C, 30 s of annealing at 50°C, 30 s of extension at 72°C,
and a final extension step of 5 min at 72°C. An equimolar
mix of each amplicon was detected with electrophoresis on
a 2% agarose gel, and the target band was then purified with
a GeneJET gel extraction kit (Thermo Scientific, USA).
The products were prepared for sequencing. The libraries
were constructed with an Ion Plus Fragment Library Kit for
48 reactions (Thermo Fisher, USA), then quantified with
a Qubit instrument and Q-PCR. Paired-end sequencing
of the qualified libraries was performed with the Illumina
HiSeq2500 PE250 platform.

In the analysis of the V4—V5 hypervariable regions, sam-
ple data were separated according to the barcode sequences.
The reads for each sample were spliced with FLASH after
truncation of the barcode and primer sequences, thus
yielding the raw tag data. To produce high-quality tags,
denoted clean tags, the raw tags required rigorous filter-
ing, including truncation and length filtration. Finally, after
removal of the chimeras in clean tags, the effective tags
were obtained and subjected to Operational Taxonomic
Unit (OTU) clustering. Because all pools were from the
same batch of samples, all DNA samples were mixed
together for further analysis.
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OTU clustering analysis

A total of 2,394,598 effective tags from all samples were
used for OTU analysis to investigate the species compo-
sition diversity in the samples. OTUs are division units
obtained by clustering 16S rDNA sequences with high sim-
ilarity, and tags with 97% shared sequence identity were des-
ignated as species-level OTUs [23]. The taxonomic assign-
ments of OTUs were performed with Uparse v7.0.1001.
Simultaneously, the sequence with the highest frequency
in each OTU was selected as the representative sequence
of the OTU according to the Uparse algorithm principle,
after which species annotation analysis was conducted with

the representative sequences selected above according to
the Mothur method and SILVA’s SSUrDNA database (set
threshold of 0.8-1). Consequently, OTU taxonomic infor-
mation was obtained, and the sample community compo-
sition was counted at each classification level (referring to
kingdom, phylum, class, order, family, genus, and species).
Finally, the data were homogenized by the group with the
fewest effective tags in all samples, and subsequent alpha
diversity analysis (rarefaction curve, Chaol, and Shannon
index) was performed on the data after homogenization
(beta diversity analysis was not conducted because the same
samples were used) [21].
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FIGURE 1 | OTU clustering and classified statistics of effective tags.

(A) OTU clustering and tag annotation statistics. Total tags: the total number of effective tags in the sample (valid data for subsequent
analysis); unclassified tags: tags with no annotation information available; taxon tags: tags with annotation information available that were
used in OTU analysis; unique tags: tags with a frequency of one that could not be clustered into OTUs (and could not be used for subsequent
analysis); OTUs: the number of OTUs obtained. (B) Classified statistics of effective tags. The value indicates the number of tags clustered to
various classification levels, including kingdom, phylum, class, order, family, genus, and species.



Culturomics

Sample pretreatment in culturomics was conducted as
described in the DNA extraction section. After sterilization
with 75% ethanol and washing with sterile PBS, sampled
ticks were ground into powder and suspended in 10 mL
PBS. Brucella-specific immunomagnetic beads were used to
capture bacteria of the genus Brucella, and Brucella-selective
solid medium was used for culture. In contrast, 1/10, 1/100,
and 1/1000 dilutions of ground tick solution were applied
to spread plate cultures on Tryptone Soya Agar (OXOID,
UK) and Brain Heart Infusion (Becton Dickinson, USA)
solid media for the isolation of various bacteria. All culture
media were incubated at two temperatures (26°C and 37°C)
and under aerobic/anaerobic conditions for 3—7 days [24].

Bacterial identification with MALDI-TOF mass
spectrometry and 16S rDNA sequencing

When colonies appeared, four colonies with the same
morphology were selected randomly, and three-zone
inoculation was performed for further isolation. Bacteria
were identified with matrix-assisted laser desorption/ion-
ization time-of-flight (MALDI-TOF) mass spectrometry
(BrukerDaltonics, Germany; AutoBio, China) according to
the manufacturer’s recommendations [25,26]. Additionally,
for isolates that could not be identified by MALDI-TOE
PCR was performed on 16S rDNA with the universal
primer pairs 27F/1492R, and the products were analyzed
with BLAST from NCBI (https://blast.ncbi.nlm.nih.gov/
Blast.cgi?’PAGE_TYPE=BlastSearch) and RDP (https://
rdp.cme.msu.edu/ classifier/ classifier.jsp).

RESULTS

Bacterial microbiota in D. nuttalli with 16S rDNA
amplicon sequencing

The quality control report indicated that the DNA quality
of group P1 was too low to be applied to further sequenc-
ing, and the double-distilled water control was negative (not
shown); therefore, only the other 35 groups of tick samples
were used in 16S rDNA amplicon sequencing analysis. The
overall number of clean data (that is, the number of effec-
tive tags after filtration that were used in OTU clustering
and further analysis) was 2,394,598, of which 2,373,679
tags were clustered into 461 OTUs with species annotation
information (Fig 1A). Nevertheless, 20,882 unique tags (fre-
quency of 1, which could not be clustered into OTUs), and
37 unclassified tags (with no comment information availa-
ble) were not subjected to subsequent analysis. Furthermore,
a substantial fraction of effective tags could not be aggre-
gated to the species level because of an identity higher than
97% among species from the same genus (Fig 1B). A rar-
efaction curve assessing alpha diversity was constructed to
describe the diversity of samples within the group (Fig 2A).
The curve not only directly reflected the adequacy of the
amount of sequencing data but also visually indicated the
richness and uniformity of species in the sample, as verified
by the Chaol and Shannon index (Fig 2B and C).According
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to alpha diversity, the results of OTUs clustering indicated
that the amount of sequencing data were adequate, and the
species richness was high; however, the homogeneity was
poor because of the presence of several dominant species,
such as Pseudomonas spp. together with many low-abun-
dance species. The bacterial microbiota of D. nuttalli was
dominated by two genera (Fig 3): Pseudomonas (phylum
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FIGURE 2 | Alpha diversity indicating microbial community diversity
within samples.

(A) The number of observed species. The horizontal axis represents
the number of sampled sequences, and the vertical axis represents
the number of observed species. (B) Chao1 index with the same
horizontal axis and vertical axis representing the Chao index value.
(C) Shannon index with the same horizontal axis and the vertical axis
representing the Shannon index value.
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Proteobacteria, class Gammaproteobacteria) and Coxiella (phy-
lum Proteobacteria, class Gammaproteobacteria), which repre-
sented as much as 71% of the total D. nuttalli microbiota
(Table S1).

In species taxonomy analysis of the microbiota within
tick samples, the top ten genera with maximum relative
abundance, which were of interest by default, were selected
for taxonomic tree building (Fig 4). Several species in the
taxonomic tree had an abundance value of zero, such as
Pseudomonas psychrotolerans, because the abundance of the
species was too low to be displayed on this tree. Furthermore,
the percentage inconsistency of a genus and its species was
due to the presence of tags with no available species-level
identification, as shown in Fig 1B.

Bacterial microbiota in D. nuttalli determined
with culturomics

In total, 284 bacterial colonies were isolated and identi-
fied with MALDI-TOF mass spectrometry and 16S rDNA
sequencing. MALDI-TOF mass spectrometry was used to
identify 274 isolates from 43 bacterial species (Table 1); ten
isolates failed to be identified. The results of 16S rDNA PCR
product sequencing and BLAST analysis revealed that the
remaining isolates belonged to four species: Microbacterium
phyllosphaerae, Microbacterium  testaceum, Janibacter hoylei, and
Sanguibacter inulinus, the latter two of which are newly iden-
tified genera added in culturomics. In summary, 46 species
from 23 genera were isolated and identified through cul-
turomics approaches. Pseudomonas accounted for the highest
proportion, up to 34.5% and was followed by Pantoea and
Bacillus, which accounted for 17.3% and 10.2%, respectively
(Fig 5). At the species level, 49 Pantoea agglomerans were
identified and ranked second to the most abundant bacteria,
Pseudomonas koreensis, in agreement with genus-level statis-
tics. Additionally, several bacterial species were identified

with only one isolate, including Arthrobacter citreus, Janibacter
hoylei, Brevundimonas vesicularis, Pseudoxanthomonas kaohsiun-
gensis, and Serratia marcescens, possibly because of the unsuit-
able culture conditions. In the case of isolation in Brucella-
selective cultivation, we were unable to cultivate any Brucella
spp.. The negative results were consistent with the 16S
rDNA amplicon sequencing data, which yielded negative
results for Brucella spp. even at the genus level.

Comparison of bacterial microbiota in D. nuttalli
through two methods

In this study, the results obtained with the two methods
were largely consistent and complementary. Proteobacteria
was most abundant at the phylum level, accounting for
90.7% and 59.5% of the 16S rDNA amplicon sequencing
and culturomics datasets, respectively. Other microorgan-
isms were mostly from the phyla Actinobacteria and Firmicutes.
Moreover, Pantoea, Microbacterium, and Rhodococcus (17.3%,
8.5%, and 3.9%, respectively) which were frequently iso-
lated with the culturomics method, were detected in the
amplicon sequencing datasets in relatively high proportions
(6.4%, 1.7%, and 0.9%, respectively), thus demonstrating
that the results obtained with the two methods were largely
consistent with each other (Table 2). Nevertheless, many
additional specific identifications were accomplished with
each method. Overall, 237 genera were identified, 214 of
which were specifically detected with 16S rDNA amplicon
sequencing methods, 4 of which were identified only by
culturomics methods, and 19 of which were common to
both methods (Fig 6A). For instance, we obtained a rel-
atively high proportion of Bacillus spp. (10.2%) through
culturomics, although the Bacillus abundance in the 16S
rDNA amplicon sequencing results was less than 0.01%.
Therefore, culturomics can amplify some bacteria with
lower abundance. Furthermore, in our culturomics methods,
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accounting for the selected taxonomies used for tree building.

we did not apply culture conditions for isolating Coxiella
and Rickettsia, which accounted for 17.2% and 4.8% of the
sequencing datasets, respectively. At the species level, each
method yielded additional specific identifications. The two
methods identified 159 species, 133 of which were specif-
ically detected by amplicon sequencing, 40 of which were
isolated by culturomics, and only 6 of which were common
to both methods (Fig 6B). In conclusion, each method pro-
vided specific information for identifying microorganisms
in D. nuttalli; thus, integrating the two methods is crucial
for thoroughly understanding the microbiota of D. nuttalli.

We focused on the absence of Brucella spp. in the results
from both approaches to assess the probability of D. nut-
talli ticks acting as the vector of Brucella spp. through

transovarial transmission, similarly to Dermacentor margina-
tus. Pseudochrobactrum saccharolyticum, a member of the family
Brucellaceae, was the only species identified by 16S rDNA
amplicon sequencing, and no Brucella were identified, even
at the genus level. Similarly, we were unable to cultivate
any species of Brucella. These results indicate that further
research 1s needed to determine whether D. nuttalli ticks are
the vector of Brucella.

DISCUSSION

Our study objective was to investigate the composition of
the microorganisms that are carried by, and have a sym-
biotic relationship with, D. nuttalli ticks; that could be
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TABLE 1 | Genera and species of bacteria identified by

culturomics.
Genus Species Number*
Acinetobacter Acinetobacter pittii 2
Arthrobacter Arthrobacter citreus 1
Arthrobacter gandavensis 2
Bacillus Bacillus cereus 5
Bacillus infantis 1
Bacillus pumilus 21
Bacillus simplex 1
Bacillus thuringiensis 1
Brevundimonas Brevundimonas vesicularis 1
Candida Candida lipolytica 8
Cellulosimicrobium Cellulosimicrobium cellulans 3
Corynebacterium Corynebacterium glutamicum 8
Corynebacterium mucifaciens 1
Delftia Delftia acidovorans 10
Ewingella Ewingella americana 2
Exiguobacterium Exiguobacterium aurantiacum 8
Janibacter Janibacter hoylei 1
Microbacterium Microbacterium liquefaciens 9
Microbacterium oxydans 5
Microbacterium paraoxydans 1
Microbacterium phyllosphaerae 7
Microbacterium testaceum 2
Micrococcus Micrococcus luteus 5
Paenibacillus Paenibacillus amylolyticus 2
Pantoea Pantoea agglomerans 49
Pseudoclavibacter Pseudoclavibacter helvolus 2
Pseudomonas Pseudomonas chlororaphis 2
Pseudomonas extremorientalis 4
Pseudomonas fluorescens 6
Pseudomonas frederiksbergensis 2
Pseudomonas grimontii 1
Pseudomonas kilonensis 1
Pseudomonas koreensis 57
Pseudomonas libanensis 6
Pseudomonas marginalis 1
Pseudomonas orientalis 1
Pseudomonas putida 5
Pseudomonas synxantha 12
Pseudoxanthomonas  Pseudoxanthomonas 1

kaohsiungensis

7
TABLE 1 | Continued
Genus Species Number*
Rhodococcus Rhodococcus erythropolis 1"
Sanguibacter Sanguibacter inulinus 4
Serratia Serratia marcescens 1
Staphylococcus Staphylococcus epidermidis 1
Staphylococcus nepalensis 2
Staphylococcus warneri 3
Stenotrophomonas Stenotrophomonas rhizophila 5

*: Number indicates the quantity of isolates.

transovarially transmitted and present during all life stages of
ticks; and that do not appear to be pathogenic in ticks [27].
To do so, we captured starved adult D. nuttalli ticks when
they emerged on vegetation in the spring. We selected adult
ticks before they parasitized mammals, because the microbi-
ota in the ticks at this stage were almost certainly symbiotic,
after having persisted for at least an entire winter without
feeding. The pathogens carried by these ticks are relatively
likely to be transmitted to humans, because ticks in that
stage are ready to infest large mammals, including humans,
and then lay eggs after becoming engorged through blood
sucking [6]. Furthermore, when ticks mature from larvae to
adults, bloodmeal feeding usually decreases the diversity of
internal tick microbiota; however, continuous exposure to
the field environment may counter this loss [28,29]. Zhang
et al., through the collection method described above, first
identified and isolated a novel D. nuttalli tick-borne phle-
bovirus, named Guertu virus, which can infect animals and
cause symptomatic or even lethal disease in humans [30].
The samples were washed with 75% ethanol to remove pos-
sible contamination with bacteria attached to the ticks’
surface before further investigation, thus ensuring that the
microorganisms identified with culturomics were all from
the ticks’ internal microbiota.

In our study, the genus Pseudomonas dominated the
bacterial microbiota of D. nuttalli, a finding inconsistent
with those from several previous studies reporting that
Francisella, Bacillus, Rickettsia, or Coxiella was the most
abundant genus identified in several other types of ticks,
such as Dermacentor variabilis, Amblyomma tuberculatum, and
Haemaphysalis [21,31-36]. Dead and decaying ticks may
account for this discrepancy, owing to the humid envi-
ronment, which is optimal for Pseudomonas growth [37].
The genus Francisella was not detected in the study, and
the genera Bacillus and Rickettsia accounted for less than
0.001% and ~5% of the total, respectively, possibly because
different types of ticks were collected from different loca-
tions. In previous studies, spotted fever group rickettsiae
have been detected in D. nuttalli at a high proportion of
67.4%, and potential novel Rickettsia species have been
found in D. nuttalli [12]. Furthermore, Rickettsia raoultii
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TABLE 2 | Comparison of the top ten bacterial genera
identified by 165 rDNA amplicon sequencing and
culturomics.

Genus Sequencing Culturomics

Pseudomonas 53.83* 34.51

Pantoea 6.43 17.25

Microbacterium 1.67 8.45

Rhodococcus 0.90 3.87

Coxiella 17.22 NC#

Rickettsia 4.75 NC

Thermus 2.08 NC

Acinetobacter 6.04 Lp?

Serratia 1.08 LP

Brachybacterium 0.80 NC

Bacillus LP 10.21

Delftia 0.32 3.52

Corynebacterium LP 3.17

Candida - 2.82

Micrococcus 0.01 1.76 FIGURE 6 | Comparison at the genus level (A) and species level (B)
of bacterial diversity identified by 16S rDNA amplicon sequencing

Stenotrophomonas 0.55 1.76 and culturomics methods.
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genus among all identified genera, according to the number of genera identified by 16S rDNA amplicon sequencing.
corresponding method ! The blue portion indicates the number of genera identified by

; o R - . . culturomics. The intersection indicates the genera common to both
#: NC |nd|cates'no cult|va.t|on conditions used for isolating methods. (B) The blue portion of the Wayne diagram indicates the
the qurgspondlng bacter.lum.. ] number of species identified by 16S rDNA amplicon sequencing. The
$: LP indicates the bacterium isolated with a lower green portion indicates the number of species identified by culturo-
percentage. mics, and the intersection indicates the number of species common
“-" Indicates that no sequence was detected. to both methods.
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is probably the predominant Rickettsia in D. nuttalli. In
addition, R. raoultii, and Rickettsia sibirica subsp. Sibirica,
which causes Siberian tick typhus, have been found in
nymphs, and both unfed and engorged adults of D. nut-
talli [2,10,12,38]. The causative agent of Q fever, Coxiella
burnetii, has also been detected in both unfed D. nuttalli
ticks and D. nuttalli ticks collected from livestock [39—-41].
Unfortunately, cell culture was not applied to culturomics;
therefore, specific species information on Rickettsia and
Coxiella was not obtained.

Given that past research has primarily focused on
engorged ticks collected from animals, and that most stud-
ies have used either 16S rDNA amplicon sequencing or
culturomics approaches, we first applied both methods in
this study to thoroughly investigate the bacterial diversity
of unfed adult D. nuttalli ticks. Recently, 16S rDNA ampli-
con sequencing has become a commonly used approach
for microbial identification, because of its advantages in
identifying low-abundance and non-culturable bacteria.
This method has been used in investigations of the bac-
terial communities in ticks [19,21,33,34,42]. However,
the method based on next-generation sequencing alone is
insufficient for gaining comprehensive insight into the bac-
terial communities associated with D. nuttalli ticks, because
of the inherent limitations in taxonomic resolution when
bacteria contain 297% sequence similarity and significantly
different cut-oft values between species and genera [43,44].
Furthermore, 16S rDNA amplicon sequencing has gener-
ated countless sequences that have not been assigned to
known microorganisms, thereby necessitating the successful
culture of new isolates [45]. Thus, we applied culturomics
methods in our study, because combining the results would
aid in assessing microbial diversity in pathogen-carrying
insect vectors [3,24,46,47]. Indeed, more comprehensive
information on microbiota in D. nuttalli ticks was obtained.
For instance, the sequencing method results revealed that
Pseudomonas was the most abundant genus in the bacte-
rial community of D. nuttalli ticks, accounting for more
than 50%, whereas Pseudomonas spp. accounted for less than
0.1% at the species level, owing to the limitations in taxo-
nomic resolution. Complementarily, culturomics revealed
results consistent with those of 16S rDNA amplicon
sequencing in terms of the most abundant genus. A total
of 12 Pseudomonas sp. were cultured and identified, thus
demonstrating that culturomics can markedly enhance the
identification resolution at the species level. Furthermore,
although amplicon sequencing detected 233 genera and
113 species in this study, culturomics specifically identified
4 genera and 40 species, thus implying that culturomics
may provide information on unassigned tags or OTUs
obtained from amplicon sequencing. Therefore, our study
indicates that although culturomics lacks high sensitivity to
fastidious bacteria, it can still be an effective supplement to
16S rDNA amplicon sequencing in the investigation of the
microbiota in tick samples.

To our knowledge, several bacteria isolated in this

study are pathogens capable of causing bacteremia,

such as Brevundimonas vesicularis, Acinetobacter pittii, and
Exiguobacterium aurantiacum; however, these pathogens were
all discovered in nosocomial infections [48—63]. Other
nosocomial infections associated with our isolates were
ventriculoarterial shunt infection caused by Staphylococcus
warneri [64], pneumonia caused by Acinetobacter pittii [65],
and line-related sepsis caused by Delftia acidovorans [66].
Because these microorganisms can cause diseases, such as
bacteremia in nosocomial infections, we believe that they
could potentially infect humans through tick bites.

The identification of Brucella spp. was performed because
no vector for Brucella has been discovered in nature, and
ticks can function as a vector for the transmission of Brucella
to animals [16]. Given that enrichment with Brucella-
specific immunomagnetic beads, cultivation on Brucella-
selective medium, and 16S rDNA sequencing all yielded
negative results, we hypothesized that Brucella is carried by
only several other tick species in nature, such as Dermacentor
marginatus, which can transmit Brucella transovarially [17].
Because of these negative results, further investigation is
required to confirm whether D. nuttalli ticks are the vector
of Brucella.

The investigation of potential pathogens carried by
natural vectors is important. Here, we applied 16S rDNA
amplicon sequencing and culturomics methods to assess the
diversity of bacterial microbiota in unfed adult D. nuttalli
ticks. A total of 237 genera and 157 species were identified
in the study. The results indicate that the combined applica-
tion of the two methods to investigate microbiota is crucial
and could provide more comprehensive information. Our
study provides the first preliminary profile of the complete
microbiota from unfed adult D. nuttalli ticks, thus provid-
ing a basis for further investigations regarding the roles of
several pathogens, such as rickettsial endosymbionts in tick-
borne diseases. Furthermore, our results indicate that iso-
lates in culturomics can cause bacteremia and may suggest
that new pathogens associated with ticks may remain to be
discovered.

There are several limitations to this study. To potentially
obtain more bacterial species, optimization of culturomics
methods is needed, such as by increasing broth enrichment,
extending the culture time, and growing bacteria in anaero-
bic conditions with more media. Furthermore, ethanol ster-
ilization was used to kill bacteria on the ticks’ surfaces, but
the remaining bacterial DNA might have yielded additional
sequencing data beyond the data from tick bodies.
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SUPPLEMENTARY TABLE 1 | Genera and species of bacteria identified by 16S rDNA amplicon sequencing.

Song et al.

Genus G%* Species S%*
Acinetobacter 6.04E-02 Acinetobacter johnsonii 8.41E-04
Acinetobacter ursingii 9.73E-05
Aerococcus 2.06E-05 Aerococcus viridans 2.06E-05
Aeromonas 1.56E-05 Aeromonas sp. AR1 3.37E-06
Anaerostipes 6.74E-06 Anaerostipes butyraticus 3.37E-06
Anoxybacillus 1.18E-03 Anoxybacillus rupiensis 1.18E-03
Aquabacterium 1.85E-05 Aquabacterium citratiphilum 1.85E-05
Azospira 5.90E-06 Azospira oryzae 5.90E-06
Bacillus 3.37E-06 Bacillus thermoamylovorans 3.37E-06
Bacteroides 1.69E-06 Bacteroides fragilis 8.43E-07
Bacteroides uniformis 8.43E-07
Bifidobacterium 8.43E-07 Bifidobacterium breve 8.43E-07
Brevibacterium 5.31E-05 Brevibacterium epidermidis 5.31E-05
Brevundimonas 6.51E-04 Brevundimonas bullata 2.36E-04
Butyricicoccus 2.40E-05 Butyricicoccus pullicaecorum 4.21E-06
Caulobacter 2.53E-06 Caulobacter fusiformis 2.53E-06
Cellvibrio 3.03E-05 Cellvibrio sp. pealriver 3.03E-05
Chryseobacterium 7.40E-03 Chryseobacterium indologenes 3.37E-06
Chryseobacterium scophthalmum 7.29E-03
Clostridium sensu stricto 1.46E-04 Clostridium butyricum 5.06E-06
Clostridium perfringens 1.52E-05
Clostridium symbiosum 8.43E-07
Collinsella 5.06E-06 Collinsella sp. GD7 5.06E-06
Comamonas 3.48E-04 Comamonas testosteroni 3.48E-04
Corynebacterium 1.50E-04 Corynebacterium glucuronolyticum 8.43E-07
Corynebacterium stationis 8.59E-05
Corynebacterium tuberculostearicum 2.02E-05
Coxiella 1.72E-01 Coxiella endosymbiont of Dermacentor marginatus 1.72E-01
Deinococcus 3.22E-04 Deinococcus geothermalis 3.20E-04
Delftia 3.24E-03 Delftia tsuruhatensis 3.24E-03
Desulfovibrio 1.22E-05 Desulfovibrio piger 5.90E-06
Devosia 1.35E-05 Devosia riboflavina 1.18E-05
Dietzia 2.19E-05 Dietzia maris 2.19E-05
Elizabethkingia 2.53E-06 Elizabethkingia meningoseptica 2.53E-06
Empedobacter 3.50E-05 Empedobacter brevis 6.74E-06
Enterococcus 2.23E-05 Enterococcus cecorum 2.23E-05
Erythrobacter 1.85E-05 Erythrobacter citreus 1.85E-05
Faecalibacterium 3.33E-05 Faecalitalea cylindroides 2.53E-06
Fusobacterium 8.43E-06 Fusobacterium mortiferum 8.43E-06
Gallibacterium 5.43E-05 Gallibacterium anatis 5.43E-05
Gordonia 1.14E-05 Gordonia terrae 1.14E-05
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SUPPLEMENTARY TABLE 1 | Continued
Genus G%* Species S%*
Lactobacillus 3.91E-04 Lactobacillus casei 4.21E-06
Lactobacillus equicursoris 5.35E-05
Lactobacillus gasseri 4.51E-05
Lactobacillus ingluviei 5.39E-05
Lactobacillus salivarius 4.17E-05
Lactobacillus vaginalis 3.16E-05
Lactococcus 8.43E-07 Lactococcus garvieae 8.43E-07
Leuconostoc 2.11E-06 Leuconostoc lactis 2.11E-06
Lysobacter 9.27E-06 Lysobacter enzymogenes 1.69E-06
Macrococcus 2.53E-06 Macrococcus brunensis 2.53E-06
Marinobacter 1.69E-06 Marinobacter algicola 1.69E-06
Megasphaera 5.06E-06 Megasphaera elsdenii 5.06E-06
Methylobacterium 4.21E-05 Methylobacterium adhaesivum 1.10E-05
Methylobacterium aquaticum 5.90E-06
Microbacterium 1.67E-02 Microbacterium oxydans 1.62E-02
Micrococcus 6.07E-05 Micrococcus lylae 6.07E-05
Nocardioides 2.06E-05 Nocardioides simplex 6.74E-06
Novosphingobium 1.10E-05 Novosphingobium resinovorum 1.10E-05
Paenibacillus 1.05E-04 Paenibacillus amylolyticus 1.00E-04
Paeniglutamicibacter 1.45E-03 Paeniglutamicibacter sulfureus 1.45E-03
Paracoccus 4.04E-05 Paracoccus carotinifaciens 1.35E-05
Plantibacter 1.78E-03 Plantibacter flavus 1.78E-03
Providencia 3.37E-06 Providencia alcalifaciens 3.37E-06
Pseudochrobactrum 1.31E-05 Pseudochrobactrum saccharolyticum 1.31E-05
Pseudoclavibacter 4.51E-03 Pseudoclavibacter helvolus 4.51E-03
Pseudomonas 5.38E-01 Pseudomonas aeruginosa 1.22E-05
Pseudomonas luteola 6.70E-05
Pseudomonas psychrotolerans 4.21E-06
Pseudomonas sp. 12M76 air 2.95E-06
Pseudomonas xanthomarina 1.45E-04
Pseudonocardia 1.60E-05 Pseudonocardia carboxydivorans 1.60E-05
Pseudoxanthomonas 1.36E-04 Pseudoxanthomonas mexicana 1.20E-04
Psychrobacillus 4.82E-04 Psychrobacillus psychrodurans 4.82E-04
Psychrobacter 6.66E-05 Psychrobacter faecalis 6.23E-05
Ralstonia 8.43E-07 Ralstonia pickettii 8.43E-07
Rheinheimera 1.60E-05 Rheinheimera aquimaris 6.74E-06
Rhodococcus 9.01E-03 Rhodococcus erythropolis 8.80E-03
Rhodococcus fascians 2.15E-04
Ruminococcaceae 5.18E-05 Ruminococcaceae bacterium AM2 7.16E-06
Saccharopolyspora 8.43E-06 Saccharopolyspora gregorii 4.21E-06
Shewanella 2.11E-06 Shewanella putrefaciens 2.11E-06
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Solibacillus 2.23E-05 Solibacillus silvestris 2.23E-05

Soonwooa 1.69E-06 Soonwooa buanensis 1.69E-06

Sphingobacterium 1.69E-06 Sphingobacterium mizutaii 1.69E-06

Sphingobium 1.98E-04 Sphingobium yanoikuyae 1.98E-04

Sphingomonas 7.96E-05 Sphingomonas paucimobilis 7.54E-05

Stenotrophomonas 5.50E-03 Stenotrophomonas nitritireducens 4.47E-05
Stenotrophomonas rhizophila 5.46E-03

Streptomyces 5.19E-04 Streptomyces mutabilis 5.06E-06

Succinatimonas 1.26E-06 Succinatimonas hippei 1.26E-06

Thermus 2.08E-02 Thermus scotoductus 2.08E-02

Unidentified Marinimicrobia (SAR406 clade) 2.95E-06 Marinimicrobia bacterium SCGC AAA160-106 2.95E-06

Veillonella 2.53E-06 Veillonella sp. MY-P9 2.53E-06

Weissella 7.16E-06 Weissella paramesenteroides 7.16E-06

Wohlfahrtiimonas 3.79E-06 Wohlfahrtiimonas chitiniclastica 3.79E-06

Acidaminococcus 1.69E-06

Acidovorax 0.000198

Aeromicrobium 6.87E-05

Aerosphaera 2.53E-06

Afipia 3.37E-06

Alishewanella 1.85E-05

Alkanindiges 2.95E-06

Alteromonas 3.37E-06

Anaerofilum 1.69E-06

Anaerosporobacter 1.69E-06

Arenimonas 4.21E-06

Ascidiaceihabitans 1.69E-06

Atopostipes 4.21E-06

Aureimonas 2.11E-06

Avibacterium 2.53E-06

Azoarcus 8.43E-07

Azonexus 1.90E-05

Azospirillum 2.53E-06

Bosea 1.10E-05

Brachybacterium 0.007982

Brevibacillus 0.000619

Candidatus Actinomarina 1.10E-05

Candidatus Pelagibacter 9.39E-05

Carnobacterium 0.000139

Cellulosilyticum 1.52E-05

Christensenellaceae R-7 group 8.85E-06

Chthonomonas 8.43E-07
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CL500-3 2.53E-06
Coprococcus 1 4.21E-06
Croceibacter 2.44E-05
Cupriavidus 6.74E-06
Defluviicoccus 1.69E-06
Desulfatiferula 8.43E-07
Desulfobulbus 3.37E-06
Dialister 5.06E-06
Elusimicrobium 2.53E-06
Enhydrobacter 0.000292
Erysipelotrichaceae UCG-002 3.37E-06
Escherichia-Shigella 0.000732
Eubacterium 5.90E-06
Eubacterium Coprostanoligenes group 3.79E-06
Eubacterium hallii group 5.06E-06
Exiguobacterium 1.35E-05
Facklamia 6.74E-06
Faecalitalea 2.53E-06
Formosa 1.14E-05
G55 8.43E-07
Gardnerella 8.43E-07
Gemmobacter 1.69E-05
Halomonas 1.69E-06
Henriciella 1.69E-06
Hirschia 1.69E-06
Hyphomonas 1.69E-06
Ignatzschineria 5.06E-06
Isoptericola 1.01E-05
Janibacter 4.34E-05
Jeotgalicoccus 1.52E-05
Jonesia 3.79E-06
Kineococcus 1.69E-06
Kytococcus 5.90E-06
Lachnoclostridium 8.43E-07
Lachnospira 8.43E-07
Lachnospiraceae UCG-007 2.53E-06
Lachnospiraceae UCG-010 8.43E-07
Legionella 1.69E-06
Leucobacter 1.73E-05
Limnobacter 1.39E-05
Luteimonas 4.30E-05
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Marvinbryantia 8.43E-07
Massilia 0.000363
Megamonas 2.11E-06
Methylobacillus 1.69E-06
Methylophaga 4.21E-06
Methyloversatilis 8.43E-06
Micromonospora 2.53E-06
Mitsuokella 2.53E-06
MWH-UniP1 aquatic group 1.26E-06
Nakamurella 6.74E-06
Neisseria 5.90E-06
Nocardiopsis 5.48E-06
NS2b marine group 1.69E-06
NS5 marine group 2.11E-06
Oceanisphaera 8.43E-07
Olsenella 4.25E-05
OMB60(NORS5) clade 9.27E-06
Oxalobacter 1.60E-05
Paenalcaligenes 2.11E-06
Pantoea 0.064267
Patulibacter 8.43E-07
Peptococcus 8.43E-06
Phascolarctobacterium 4.21E-06
Phenylobacterium 2.11E-06
Phreatobacter 2.53E-06
Pisciglobus 2.53E-06
Porphyrobacter 5.06E-06
Promicromonospora 1.69E-06
Propionibacterium 4.00E-05
Psychroglaciecola 3.16E-05
Rhizobium 6.74E-05
Rickettsia 0.047545
Romboutsia 0.000167
Roseibacillus 7.58E-06
Rubripirellula 2.53E-06
Rubrobacter 8.43E-06
Ruminiclostridium 5 5.90E-06
Ruminiclostridium 9 1.35E-05
Ruminococcus torques group 0.000136
Saccharibacillus 1.69E-06
Salana 6.74E-06
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Sanguibacter 0.007726
Sellimonas 4.21E-06
Senegalimassilia 6.74E-06
Serratia 0.010841
Shinella 2.44E-05
Shuttleworthia 1.22E-05
Simplicispira 1.43E-05
Skermanella 1.69E-06
Sphingopyxis 1.69E-06
Sphingorhabdus 4.21E-06
Spongiibacter 6.74E-06
Sporosarcina 0.001298
Staphylococcus 0.000219
Streptococcus 9.27E-06
Subdoligranulum 1.81E-05
Sulfuritalea 2.11E-06
Sutterella 8.43E-06
Synechococcus 9.69E-06
Synergistes 8.43E-06
Terrisporobacter 6.45E-05
Tessaracoccus 1.69E-06
Thermoanaerobaculum 1.69E-06
Thermomonas 1.35E-05
Thiothrix 3.79E-06
Timonella 1.35E-05
Trichococcus 5.48E-06
Tsukamurella 1.69E-06
Turicibacter 0.000105
Unidentified Chloroplast 0.000361
Unidentified Erysipelotrichaceae 1.69E-06
Unidentified Mitochondria 3.37E-06
Unidentified Mollicutes RF9 8.43E-07
Unidentified Oceanospirillales 2.53E-06
Unidentified SAR116 clade 2.53E-06
Verticia 3.96E-05
Vibrio 2.11E-06
Williamsia 7.58E-06
Wolbachia 3.62E-05
Zoogloea 0.00016
Alpha proteobacterium SCGC AAA536-K22 2.53E-06
Bathycoccus prasinos 8.43E-07
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Cercis gigantea 0.0003193
Clostridiales bacterium 24-4c 7.58E-06
Clostridiales bacterium 60-7e 1.69E-06
Clostridiales bacterium 77-5d 1.69E-06
Dinophysis acuminata 5.06E-06
Emiliania huxleyi 9.27E-06
Ewingella americana 0.0108408
Exiguobacterium sp. AT1b 1.35E-05
Firmicutes bacterium CAG:822 8.43E-07
Iron-reducing bacterium Enrichment culture clone HN70 4.21E-06
Marine gamma proteobacterium HTCC2151 2.53E-06
Moraxella osloensis 0.0002915
Parasutterella secunda 8.43E-06
Phalacroma mitra 5.90E-06
Phyllostachys praecox 2.53E-06
Picochlorum sp. SENEW3 2.53E-06
Pycnococcus provasolii 4.21E-06
Virgulinella fragilis 1.22E-05

Others 0.008659 Others 0.7412993

G%*: Numbers indicate the percentage of each genus.
S%*: Numbers indicate the percentage of each species.



