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Abstract
Background: Ticks are obligate hematophagous arthropods transmitting a wide range of pathogens to humans and
animals. They also harbor a non-pathogenic microbiota, primarily in the ovaries and the midgut. In the previous study
on Ixodes ricinus, we used a culture-independent approach and showed a diverse but quantitatively poor midgut bacterial microbiome. Our analysis also revealed the absence of a core microbiome, suggesting an environmental origin
of the tick midgut microbiota.
Methods: A bacterial analysis of the midgut of adult females collected by flagging from two localities in the Czech
Republic was performed. Using the culture-independent approach, we tested the hypothesis that the midgut microbiome is of the environmental origin. We also cultured indigenous bacteria from the tick midgut and used these to
feed ticks artificially in an attempt to manipulate the midgut microbiome.
Results: The midgut showed a very low prevalence and abundance of culturable bacteria, with only 37% of ticks
positive for bacteria. The culture-independent approach revealed the presence of Borrelia sp., Spiroplasma sp.,
Rickettsia sp., Midichloria sp. and various mainly environmental Gram-positive bacterial taxa. The comparison of ticks
from two regions revealed that the habitat influenced the midgut bacterial diversity. In addition, the midgut of ticks
capillary fed with the indigenous Micrococcus luteus (Gram-positive) and Pantoea sp. (Gram-negative) could not be
colonized due to rapid and effective clearance of both bacterial taxa.
Conclusions: The midgut microbiome of I. ricinus is diverse but low in abundance, with the exception of tick-borne
pathogens and symbionts. The environment impacts the diversity of the tick midgut microbiome. Ingested extracellular environmental bacteria are rapidly eliminated and are not able to colonize the gut. We hypothesize that bacterial elimination triggered in the midgut of unfed adult females is critical to maintain low microbial levels during
blood-feeding.
Keywords: Ixodes ricinus, Midgut, Microbiome, Culturing, High-throughput sequencing, Capillary feeding,
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Background
It is well established that hematophagous arthropods
harbor an abundant microbiome that is primarily
located in the gut. Blood is a rich source of nutrients,
and its injestion can lead to the expansion of the gut
microbial community by several orders of magnitude
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[1–4]. An abundant microbial community may play a
role in the host metabolism, development, nutrition
and reproduction [5]. Diversity of the gut microbiome
can be influenced by the habitat, diet, temperature, sex
and several other factors shaping complex host-microbiome interactions [6, 7]. The native gut microbiota
may also interact with pathogens that arthropods vector in neutral, detrimental or beneficial relationships.
Natural or artificially induced detrimental interactions
have been suggested as a promising strategy to reduce
the vector competence of blood-feeding arthropods for
the pathogens they carry [2, 8, 9].
Ticks are obligate hematophagous arthropods that
feed on a wide range of hosts. They harbor mutualist
symbionts, commensal microorganisms and human
and animal pathogens [10–13]. Tick-borne pathogens,
such as Borrelia sp., typically persist and/or multiply
in the tick midgut before they are transmitted further
[14]. While evading host immune responses, pathogens
interact with non-pathogenic microbes in the midgut,
and this interaction may impact their colonization and
transmission [15–17]. Metagenomic studies on the tick
midgut showed that this organ carries a diverse bacterial community represented by numerous operational
taxonomic units (OTUs) [18–24]. However, in general,
the bacterial abundance in the tick midgut is low, especially when assessed by culturing methods [25–31],
confirming the lack of a core gut microbiome. In our
previous studies, we showed that the large microbial
diversity in the midgut of Ixodes ricinus contrasts with
a low abundance, declining from 104 bacteria/midgut
in unfed females to 102 bacteria/midgut in fully fed
females [32]. Our studies also revealed the absence of
a core microbiome, indicating an environmental origin
and a transient nature of the midgut microbiota of I.
ricinus [32] and Amblyomma americanum [33]. While
pathogens of most obligate blood-feeders, such as mosquitoes and kissing bugs, interact with numerous indigenous microbes in the digestive tract [3, 34], the midgut
of I. ricinus represents an environment with a very
small microbial community, which reduces any potential natural detrimental interactions between pathogens
and indigenous microbiota. However, the manipulation
of I. ricinus midgut microbiome might be exploited as a
promising strategy for reducing tick vector competence
for pathogens [35–37].
In this study, we coupled the culture-independent
method with the culturing approach and analyzed the
midgut microbiome of questing females of I. ricinus
collected from two regions in the Czech Republic. This
allowed us to test the hypothesis of the environmental origin of the tick midgut microbiota. In addition, we
artificially fed adult female ticks with Pantoea sp. and
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Micrococcus luteus isolated from the tick midgut in an
attempt to manipulate the midgut microbiome.

Methods
Culture‑dependent bacterial quantification
and identification

Unfed I. ricinus females were collected by flagging on
grass from an urban park in the city of Brno (n = 38) in
Southern Moravia, and from a grass forest where there is
relatively low human activity near the city of Ceske Budejovice (n = 43) in Southern Bohemia, both sites located
in the Czech Republic. Captured ticks were surface
sterilized with 0.05% sodium hypochlorite (commercial
bleach; SAVO brand, Unilever Czech Republic, Prague,
Czech Republic) for 3 min, followed by 70% ethanol for
1 min and then three washes in sterile potassium buffered
saline (PBS) (Sigma-Aldrich, St. Louis, MO, USA) to prevent any body surface contamination [38, 39]. Individual
whole midguts were dissected out and homogenized in
200 µl of PBS (Sigma-Aldrich). One half of each homogenate was spread-plated on 5.0% sheep blood-agar (Oxoid,
Basingstoke, UK) and incubated aerobically at 26 °C for
72 h. Colony-forming colonies (CFUs) were counted and
re-calculated into CFUs per tick. Morphologically distinct colonies were picked and streaked on TSA (Tryptic Soy Agar; Sigma-Aldrich) and incubated at 26 °C for
identification. The other half of each homogenate was
kept at−80 °C for further culture-independent analysis.
Bacterial identification was done using matrix-assisted
laser desorption/ionisation–time-of-flight mass spectrometry (MALDI-TOF MS) on the Microflex LT benchtop MALDI-TOF mass spectrometer (Bruker Daltonik
GmbH & Co. KG, Bremen, Germany), as described previously [40]. Briefly, the bacterial culture was placed on
the MALDI plate, overlaid with 1.0 μl of the matrix solution containing 10 mg/ml HCCA (a-cyano-4-hydroxycinnamic acid; Sigma-Aldrich) dissolved in 50% acetonitrile
(Sigma-Aldrich) and 2.5% trifluoroacetic acid and then
air-dried. The mass spectra were processed using the
MALDI Biotyper 3.0 software package (Bruker Optik
GmbH, Leipzig, Germany) containing 6903 reference
spectra. Identification was performed according to the
criteria recommended by the manufacturer.
Culture‑independent bacterial identification

One half of each midgut homogenate was used for
genomic DNA extraction and isolation using the PowerSoil DNA isolation kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. To increase
the specificity of DNA amplification, a pre-PCR was performed using the primer pairs 8F (5′-AGAGTTTGATCC
TGGCTCAG-3′) and 907R (5′-CCGTCAATTCMTTT
RAGTTT-3′) of the 16S ribosomal RNA (rRNA) gene.
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Illumina library preparation and subsequent sequencing
were performed as previously described [41]. Briefly, the
V3-V4 region of the 16S rRNA gene was amplified using
the primer pairs 341F (5′-CCTACGGGAGGCAGCAG3′) and 805R (5′-GACTACHVGGGTATCTAATCC-3′).
The sequencing library was generated using a two-stepPCR approach following the Nextera primer design for
Illumina. Analysis was carried out in two technical replicates. The library was sequenced using the MiSeq Reagent kit v2 (2X250 bp pair-end reads) for the Illumina
MiSeq platform (Illumina, Inc., San Diego, CA, USA).
Data analysis

All data were analyzed in the R statistical programming
environment (version 3.6.2; R Foundation for Statistical
Computing, Vienna, Austria) using packages stats [42],
phyloseq [43], vegan [44], ape [45] and ggplot2 [46]. The
erroneous OTUs with low abundance (< 0.005% of total
abundance) [47] and contaminant OTUs present in the
sterile water sample (negative control) were removed
from the OTU data set. The abundance of OTUs was
used to generate a rarefaction curve for estimating the
species richness in individual tick midguts. Alpha diversity indices, including species richness, Shannon diversity index and Faith’s phylogenetic diversity (Faith’s PD),
were estimated in the Vegan (version 2.5-6) and Ape (version 5.0) packages [44, 45]. To determine if there were
significant differences between the group means of tick
midgut bacterial alpha-diversity between localities (Brno
and Ceske Budejovice), Wilcoxon rank sum test was
performed. Bacterial community composition in each
sample was compared using principal coordinate analysis (PCoA). Briefly, a Bray-Curtis dissimilarity index was
used to calculate PCoAs, and the first two axes of PCoA
were plotted to visualize the bacterial community composition in each sample using the ggplot2 package [46].
Permutational multivariate analysis of variance (Adonis)
was used to examine if there was a statistical difference in
bacterial community composition between two localities.
Bacterial OTUs that had same taxonomic lineages were
grouped at the phylum and genus level. The distribution
of bacterial phyla in each sample was visualized in a bar
plot. A Wilcoxon rank sum test was used to determine a
significant difference in the mean relative abundance of
each phylum between localities. Difference in the mean
relative abundance of each genus between two localities
was also determined by the Wilcoxon rank sum test. Further, the prevalence of each of those 50 genera in the two
localities was also visualized in the heatmap. The abundance of CFUs (log transformed) of cultured bacterial
genera and the most abundant bacterial relative abundance genera in each sample were visualized in a bar plot.
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All statistical tests with P-value < 0.05 were considered to
be statistically significant.
Tick capillary feeding

Wild unfed I. ricinus females were glass capillary fed with
either Pantoea sp. or M. luteus isolated from the tick
midgut as described above. As a positive control for bacterial ingestion, we used Chryseobacterium indologenes
[48]. Ten females were fed in each experiment for 2 h at
37 °C in a humid chamber with the bacterial suspension
of OD600 = 0.1 for M. luteus, Pantoea sp. and C. indologenes. The number of CFUs offered to and ingested by the
ticks were calculated based on CFU counts in 1.0 µl of
the bacterial suspension and the conversion of the volume ingested into microliters of the bacterial suspension,
respectively. After 2 h of feeding on the bacterial suspension, ticks were surfaced-sterilized as described above.
The midgut of ticks fed with M. luteus, Pantoea sp. or
C. indologenes was dissected out and homogenized individually in 120 µl of PBS using sterile pestles. A 100-µl
aliquot of each homogenate was spread-plated on TSA
and allowed to grow overnight at 30 °C. Total CFUs were
counted and recalculated in CFUs per tick midgut. The
colony morphology was used to distinguish M. luteus,
Pantoea sp. and C. indologenes from the background of
other culturable bacteria.
To visualize bacterial cells in the midgut by microscopy, ticks were fed with green fluorescent protein
(GFP)-labeled Escherichia coli DH5α with the plasmid
pGFPuv (Clontech, Mountain View, CA, USA) or GFPlabeled Staphylococcus aureus RN6390 strain ALC1743
with plasmid psk236, as described above, with an
OD600 = 1.0. Ticks were then dissected in sterile PBS,
the dorsal cuticle was carefully removed and the tick
internal organs were fixed in situ in 4% formaldehyde for
2.5 h at room temperature. The midgut was transferred
and mounted in DABCO and examined under the fluorescence microscope (Olympus model BX3 light microscope; Olympus Corp., Tokyo, Japan).

Results
Bacterial community assessed by the culturing approach

The culturing approach for detection of bacteria in the
midgut of unfed I. ricinus females revealed very low bacterial abundance. Of 81 samples, bacterial isolates were
cultured from 30 (37.0%) ticks, with variable abundance
that ranged from 2 to 1000 bacteria/midgut (median:
9). Isolates were representative 20 genera and 32 species (Fig. 1). The most abundant (log10 CFU = 3) and
prevalent was Mycobacteroides salmoniphilum isolated
from five ticks from Brno only. The second most abundant species was Micrococcus yunnanensis (log10 CFU
= 3) but isolated from only one tick. Detected taxa also
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Fig. 1 Bacteria identified by culturing and culture-independent methods in the midgut of individual Ixodes ricinus adult females collected from
Brno and Ceske Budejovice. Bacterial CFUs were log transformed. Bacterial genera from the culture-independent method are represented by the
relative abundance (%). Black arrows show an example of the bacterial taxon detected in individual ticks by both methods. Abbreviations: CFU,
Colony-forming units
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included Bacillus sp., Mycobacterium sp., Staphylococcus
sp., Staphylococcus epidermidis, M. luteus, Rhodococcus
sp., Pantoea sp., Pseudomonas sp. and Enterobacter sp.
(Fig. 1).
Bacterial community assessed by culture‑independent
approach

In total, 2,569,085 sequence reads were clustered into
799 OTUs. Of the total sequences, 43.7% (1,123,359)
sequence reads were from Brno and 56.3% (1,445,726)
sequence reads were from Ceske Budejovice. The plateau
of the rarefaction curves indicated sufficient sequencing depth with an adequate representation of microbial
communities (Fig. 2). Overall, bacterial species richness
(observed OTUs) in the individual tick midgut ranged
from 3 to 54. The Shannon diversity index ranged from
0.18 to 3.21, and Faith’s PD ranged from 0.28 to 2.16. The
Shannon diversity index varied non-significantly between
the two localities (P = 0.071; Fig. 3b). However, both species richness (P = 0.002) and Faith’s PD (P = 0.001) were
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significantly different between the two localities (Fig. 3a,
c). Bacterial community composition in the individual
tick midgut varied, but there was no significant difference
between Brno and Ceske Budejovice (Fig. 4).
The most prevalent (98.77% of tick samples) and
abundant phylum was Proteobacteria (Fig. 5a) followed
by Firmicutes, Bacteroidetes, Actinobacteria, Spirochetes and Tenericutes (Fig. 5a). The relative abundance
of those phyla varied across individual tick midguts
(Fig. 5b). Interestingly, there was a significant difference
between the mean relative abundance of Proteobacteria
(P = 0.009), Bacteroidetes (P = 0.003) and Spirochaetes
(P = 0.021) between two localities.
Overall, using the culture-independent method, we
detected a total of 205 genera. Among these, several genera had a relatively high abundance and prevalence, such
as Borrelia (22.8% of total sequences, in 24.7% of ticks),
Spiroplasma (12.2%, in 18.5% of ticks), Rickettsia (8.2%,
in 13.6% of ticks), Streptococcus (5.1%, in 37.0% of ticks),
Staphylococcus (2.8%, in 43.2% of ticks), Midichloria

Fig. 2 Rarefaction curves of 16S rDNA sequences in the midgut of Ixodes ricinus
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(1.2%, in 44.4% of ticks), Ralstonia (1.2%, in 46.9% of
ticks), Pelomonas (1.2%, in 37.0% of ticks) and Achromobacter (0.6%, in 38.3% of ticks). The 50 most abundant genera represented 88.72% (2,279,269 sequence
reads) of all sequences (Fig. 6; Additional file 1: Table S1).
The abundance of genus Borrelia varied significantly
(P = 0.02) between Brno (38.8% ticks) and Ceske Budejovice (13.9% ticks) (Fig. 6). Also, Midichloria sp. was
highly prevalent (50% of ticks in Brno, and 40% of ticks
in Ceske Budejovice, Fig. 6), but with low abundance in
both localities.
Common bacterial genera in both culture
and non‑cultured methods

We detected several genera using both the culture and
culture-independent methods, including Bacillus, Staphylococcus, Streptomyces, Micrococcus, Rhodococcus,

Mycobacterium, Pseudomonas and Enterobacter (Fig. 1).
The relative abundance of the most common genera
detected by the culture-independent method was very
low (Bacillus [mean abundance {m.a.}]: 1.7%; range:
0–71.6% per tick), Enterobacter (m.a: 0.03%; range:
0–1.8% per tick), Micrococcus (m.a: 0.3%; range: 0–63.0%
per tick), Mycobacterium (m.a: 0.4%; range: 0–64.6% per
tick), Pseudomonas (m.a: 0.21%; range: 0–13.5% per tick),
Rhodococcus (m.a: 0.02%; range: 0–1.4% per tick), Staphylococcus (m.a: 2.8%; range: 0–52.9% per tick) and Streptomyces (m.a: 0.04%; range: 0–5.1% per tick)].
Several bacterial taxa, including Borrelia (abundance
range: 0–99.3% per tick), Rickettsia (abundance range:
0–92.6% per tick), Spiroplasma (abundance range:
0–91.8% per tick) and Midichloria (abundance range:
0–17.5% per tick) were detected, as expected, by the
culture-independent method only, with a comparatively
high prevalence in both localities (Fig. 1). On the other
hand, using the culturing approach, we detected Mycobacteroides sp. in Brno only, where it was relatively highly
prevalent and abundant. Pantoea sp. and Bacillus sp.
were detected in Ceske Budejovice only, where they also
were relatively high in abundance and low in prevalence.
Tick capillary artificial feeding with isolated bacteria

The volume of the bacterial suspension uptake was converted into CFUs, resulting in an ingestion of between
102 and 105 cells per tick during 2 h of feeding. The analysis of ticks processed immediately after 2 h of feeding
showed a great reduction of all bacterial taxa (Fig. 7a,
b), with complete elimination of M. luteus (Fig. 7b). The
positive control, Chryseobacterium indologenes, showed a
much lower reduction compared to that of the two other
bacteria. To visualize the cells in the midgut, we also
fed a high concentration of GFP-labeled bacteria to the
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Fig. 5 Mean bacterial relative abundance (%, at phylum level) associated with the geographic location (a) and in individual tick midgut samples (b).
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ticks, with these ticks ingesting between 108 and 109 cells
per tick of GFP-labeled E. coli or GFP-labeled S. aureus.
Microscopy revealed the presence of cells of both bacterial species in the tick midgut lumen (Fig. 8).

Discussion
In a previous study, we used the culture-independent
method and showed that the I. ricinus midgut microbiome is highly diverse but limited in abundance, and that
it dramatically declined during blood-feeding [32]. In the
current study, the culturable midgut bacterial microbiome of unfed I. ricinus females was low in terms of both
prevalence and abundance. Only 37% of the analyzed
midguts contained culturable bacteria, and among those,
the abundance ranged from 2 to 1000 CFU/tick midgut
(median: 9). Moreover, this microbiome was very diverse,
with 32 species. Most of the species were isolated from

only up to two individual ticks, indicating the absence of
a culturable core microbiome. The majority of the identified bacterial taxa were typical representatives of the soil
and plant environment or the mammalian skin, such as
Mycobacteroides, Micrococcus, Rhodococcus, Bacillus,
Pseudomonas, Enterobacter, Streptococcus and Staphylococcus, which in agreement with previous studies [25–28,
30, 31]. This result indicates that I. ricinus on occasion
accidentally ingests bacteria from the environment.
Although the culture-dependent approach applied here
is limited to culturing aerobic and facultatively anaerobic
bacteria growing on a broad-spectrum artificial medium,
we believe it provides the evidence of low prevalence and
abundance of extracellular bacteria in the midgut. Our
results are in agreement with a low abundance and prevalence of culturable bacteria and the absence of a core
microbiome in the midgut of other tick species, including
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Fig. 6 Mean relative abundance and prevalence of 50 most abundant taxa in the midgut of Ixodes ricinus adult females detected by the
culture-independent method

Ixodes scapularis [49] and Amblyomma americanum
[33], indicating that this feature might common across
different ticks species and genera. Interestingly, this is
in contrast to the highly abundant aerobic culturable
gut microbiota of other blood-feeding arthropods, such
as mosquitoes, analyzed under comparable cultivation
conditions used in the current study [1–3]. It is also noteworthy that the majority of the culturable bacteria in the
midgut of different tick species tend to be Gram-positive
taxa [27, 30, 33].
To determine if the midgut bacterial community of I.
ricinus is influenced by the environment, we compared
ticks collected from two sites in the Czech Republic.

Ticks from Brno were from an urban park, while ticks
from Ceske Budejovice originated from a forest where
there is relatively low human activity. The difference in
alpha bacterial diversity based on the Shannon index was
not statistically significant between the two localities;
however, when the phylogeny of the identified taxa was
considered, the two localities were significantly different
based on Faith’s index. This shows that although the midgut microbiome was not influenced by the habitat based
on the relative abundance, the bacterial community of
the specific region tended to be phylogenetically more
related than that of a different region.
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Fig. 7 Colony-forming counts of bacteria ingested (in red) and isolated (in blue) from the midgut of the same individual of Ixodes ricinus adult
females after 2 h of capillary feeding. a Pantoea sp., b Micrococcus luteus. Chryseobacterium indologenes was used as a positive control. The results
represent the median for 10 individual ticks. Asterisks indicate statistically significant difference at *** P < 0.001 and ****P < 0.0001

Fig. 8 Fluorescent microscopy of capillary-fed GFP-labeled bacteria in the midgut of Ixodes ricinus adult females. a, b Staphylococcus aureus, c, d
Escherichia coli. Abbreviations: GFP, Green fluorescent protein
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The culture-independent approach revealed that the
most prevalent bacterial taxa were known tick-borne
pathogens and tick symbionts. The most abundant and
prevalent genus was Borrelia, followed by the tick symbiont Midichloria sp. This is not surprising since the
prevalence of the Borrelia burgdorferi sensu lato complex is high in the Czech Republic [50, 51]. Of interest
was that in ticks with Borrelia sp., the prevalence of the
other phyla was low. Similarly, Rhipicephalus microplus infected with Theileria sp. had an altered microbial
composition, with a reduction in richness and evenness,
referred to as a pathogen-induced dysbiosis [52]. It was
also shown that Anaplasma phagocytophilum modified
the I. scapularis microbiome via altering bacterial biofilm formation in the gut in order to infect the tick more
efficiently [15]. These results suggest that tick pathogens
can alter the native microbial community in the midgut.
Overall, genera such as Staphylococcus, Streptococcus,
Ralstonia and Pelomonas were relatively common, indicating an environmental influence on the tick midgut
microbial community. As expected, several of the bacterial taxa found only by sequencing were not culturable
under our laboratorial conditions, including Borrelia,
Spiroplasma, Midichloria and Rickettsia. It is also likely
that some of the bacterial taxa culturable under the conditions used in this study but which were detected by the
culture-independent approach only represented DNA
fragments of lysed/non-viable cells.
In order to investigate if the midgut microbiome can be
manipulated to potentially negatively affect the tick vector competence for pathogens, we artificially fed adult
females with indigenous bacteria isolated from the midgut. Capillary feeding is an established method to feed
ticks with pathogenic and non-pathogenic bacteria [53,
54]. To test the reliability of our technique, we fed GFPlabeled Gram-negative (E. coli) or Gram-positive (S.
aureus) bacteria to I. ricinus adult females. Cells from
both species were visualized in the tick midgut 2 h after
ingestion, confirming that the glass capillary feeding
method was effective and that it is a suitable technique
for in vitro bacterial feeding.
The indigenous M. luteus (Gram-positive) and Pantoea sp. (Gram-negative) were isolated from the I. ricinus midgut and used in the artificial feeding assays.
Pantoea genus contains diverse species which are versatile in function and which have been previously isolated from I. ricinus [55–57]. Microccocus luteus is
commonly found in soil, water and other environments,
and it is also part of the mammalian skin microbiota. In
other studies, M. luteus was cultured from I. ricinus in
larvae [27] and nymphs [25]. Interestingly, Micrococcus
spp. were also the most prevalent culturable taxon in A.
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americanum [33]. Chryseobacterium indologenes, the
pathogen of the soft tick Ornithodoros moubata, was
used as a positive control for bacterial ingestion and
clearance [48]. Both Pantoea and M. luteus were rapidly
cleared from the midgut within 2 h after ingestion, with
complete elimination of M. luteus. A similar pattern
of bacterial clearance was observed previously in Dermacentor variabilis capillary fed with E. coli and Bacillus subtilis [54]. In this study, although ticks ingested
numerous bacterial cells, no CFUs could be cultured
from the midgut after 3 h of feeding [54], suggesting
a conserved general mechanism of bacterial clearance
in the tick midgut. Taken together, these results led us
to hypothesize that rapid reduction of bacteria in the
I. ricinus midgut is the result of actions of the tick epithelial immunity and, during feeding, also of actions of
antibacterial factors in the host’s blood. Clearly, further
research into the molecular basis of bacterial clearance
in the tick midgut is needed to improve our understanding of this process.
In conclusion, the results presented in this study
show that the I. ricinus adult female midgut microbiome is poor in terms of abundance and prevalence, and
that it is environmentally determined. An efficient and
rapid bacterial clearance of extracellular bacteria by the
midgut epithelial immunity appears to limit bacterial
colonization in this organ although the mode of this
phenomenon remains to be investigated.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s13071-022-05362-z.
Additional file 1: Table S1. Abundance (log transformed) of bacterial
genera detected in midgut of tick by the culture method.
Acknowledgements
This study was mainly funded by the Czech Science Foundation (GACR) Grant
No: 19-04301S to LZ and PK; MG and PK were additionally supported by the
“Centre for Research of Pathogenicity and Virulence of Parasites” (no. CZ.02.1.
01/0.0/0.0/16_019/0000759) funded by the European Regional Development
Fund (ERDF) and Ministry of Education, Youth and Sport (MEYS). JF’s stay at the
Institute of Parasitology (BC CAS) was financed by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES) from Brazil, finance code
001. We acknowledge the CF Genomics CEITEC MU supported by the NCMG
research infrastructure (LM2015091 funded by MEYS CR) for their support with
obtaining data presented in this paper. Computational resources were supplied by the project "e-Infrastruktura CZ" (e-INFRA CZ LM2018140) supported
by the Ministry of Education, Youth and Sports of the Czech Republic.
Author contributions
MG conducted the experiments, analyzed the results and wrote the
manuscript. BP generated the library and analyzed the data. KD, AH and HF
conducted the feeding experiments and analyzed the data. SN performed the
bioinformatics analysis. JF collected the ticks and conducted the experiments.
PK and LZ conceived the experiments, supervised the project, and wrote
the manuscript. All authors reviewed the manuscript. All authors read and
approved the final manuscript.

Guizzo et al. Parasites & Vectors

(2022) 15:248

Page 11 of 12

Funding
GACR-No: 19-04301S. MEYS CR-No: CZ.02.1.01/0.0/0.0/16_019/0000759.
Availability of data and materials
Not applicable.

11.
12.

Declarations
Ethics approval and consent to participate
Not applicable.

13.

Consent for publication
Not applicable.

14.

Competing interests
The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential
conflict of interest.

15.

Author details
1
Central European Institute of Technology (CEITEC), Center for Infectious
Diseases and Microbiology, University of Veterinary Sciences, Brno, Czech
Republic. 2 Biology Centre, Institute of Parasitology, Czech Academy of Sciences, Ceske Budejovice, Czech Republic. 3 Department of Entomology,
Kansas State University, Manhattan, KS, USA. 4 Institute of Vertebrate Biology,
Czech Academy of Sciences, Brno, Czech Republic. 5 Department of Chemistry
and Biochemistry, Mendel University, Brno, Czech Republic. 6 Department
of Microbiology, Nutrition and Dietetics, Czech University of Life Sciences,
Prague, Czech Republic.

16.
17.

18.

19.

Received: 28 March 2022 Accepted: 8 June 2022
20.

References
1. Gusmão DS, Santos AV, Marini DC, Bacci M, Berbert-Molina MA, Lemos
FJA. Culture-dependent and culture-independent characterization
of microorganisms associated with Aedes aegypti (Diptera: Culicidae)
(L.) and dynamics of bacterial colonization in the midgut. Acta Trop.
2010;115:275–81.
2. Kent M, Davis JR, Beier JC, Pumpuni CB, Demaio J. Bacterial population
dynamics in three Anopheline species: the impact on Plasmodium sporogonic development. Am J Trop Med Hyg. 1996;54:214–8.
3. Oliveira JHM, Gonçalves RLS, Lara FA, Dias FA, Gandara ACP, MennaBarreto RFS, et al. Blood meal-derived heme decreases ROS levels in the
midgut of Aedes aegypti and allows proliferation of intestinal microbiota.
PLoS Pathog. 2011;7:e1001320. https://doi.org/10.1371/journal.ppat.
1001320.
4. Volf P, Kiewegová A, Nemec A. Bacterial colonisation in the gut of Phlebotomus duboscqi (Diptera: Psychodidae): transtadial passage and the
role of female diet. Folia Parasitol (Praha). 2002;49:73–7.
5. Dillon RJ, Dillon VM. The gut bacteria of insects: nonpathogenic interactions. Annu Rev Entomol. 2004;49:71–92.
6. Saab SA, Dohna Hz, Nilsson LKJ, Onorati P, Nakhleh J, Terenius O, et al. The
environment and species affect gut bacteria composition in laboratory
co-cultured Anopheles gambiae and Aedes albopictus mosquitoes. Sci Rep.
2020;10:3352. https://doi.org/10.1038/s41598-020-60075-6.
7. Muturi EJ, Njoroge TM, Dunlap C, Cáceres CE. Blood meal source and
mixed blood-feeding influence gut bacterial community composition in
Aedes aegypti. Parasit Vectors. 2021;14:83.
8. Azambuja P, Garcia ES, Ratcliffe NA. Gut microbiota and parasite transmission by insect vectors. Trends Parasitol. 2005;21:568–72. https://doi.org/
10.1016/j.pt.2005.09.011.
9. Dong Y, Manfredini F, Dimopoulos G. Implication of the mosquito
midgut microbiota in the defense against Malaria parasites. PLoS Pathog.
2009;5:e1000423. https://doi.org/10.1371/journal.ppat.1000423.
10. Bonnet SI, Binetruy F, Hernández-Jarguín AM, Duron O. The tick microbiome: Why non-pathogenic microorganisms matter in tick biology and

21.

22.
23.

24.
25.
26.
27.

28.

29.
30.

pathogen transmission. Front Cell Infect Microbiol. 2017;7:236. https://
doi.org/10.3389/fcimb.2017.00236.
Greay TL, Gofton AW, Paparini A, Ryan UM, Oskam CL, Irwin PJ. Recent
insights into the tick microbiome gained through next-generation
sequencing. Parasit Vectors. 2018;11:1–14.
Stewart PE, Bloom ME. Sharing the ride: Ixodes scapularis symbionts and
their interactions. Front Cell Infect Microbiol. 2020;10:142. https://doi.org/
10.3389/fcimb.2020.00142.
De La Fuente J, Estrada-Pena A, Venzal JM, Kocan KM, Sonenshine DE.
Overview: ticks as vectors of pathogens that cause disease in humans
and animals. Front Biosci. 2008;13(18):6938–46. https://doi.org/10.2741/
3200.
Kurokawa C, Lynn GE, Pedra JHF, Pal U, Narasimhan S, Fikrig E. Interactions
between Borrelia burgdorferi and ticks. Nat Rev Microbiol Nature Res.
2020;18:587–600. https://doi.org/10.1038/s41579-020-0400-5.
Abraham NM, Liu L, Jutras BL, Yadav AK, Narasimhan S, Gopalakrishnan
V, et al. Pathogen-mediated manipulation of arthropod microbiota to
promote infection. Proc Natl Acad Sci USA. 2017;114:E781-90.
Narasimhan S, Rajeevan N, Liu L, Zhao YO, Heisig J, Pan J, et al. Gut microbiota of the tick vector Ixodes scapularis modulate colonization of the
Lyme disease spirochete. Cell Host Microbe. 2014;15:58–71.
Pollet T, Sprong H, Lejal E, Krawczyk AI, Moutailler S, Cosson JF, et al. The
scale affects our view on the identification and distribution of microbial
communities in ticks. Parasit Vectors. 2020;13:36. https://doi.org/10.1186/
s13071-020-3908-7.
Andreotti R, De León AAP, Dowd SE, Guerrero FD, Bendele KG, Scoles GA.
Assessment of bacterial diversity in the cattle tick Rhipicephalus (Boophilus) microplus through tag-encoded pyrosequencing. BMC Microbiol.
2011;11:6. https://doi.org/10.1186/1471-2180-11-6.
Zhang XL, Deng YP, Yang T, Li LY, Cheng TY, Liu GH, et al. Metagenomics
of the midgut microbiome of Rhipicephalus microplus from China. Parasit
Vectors. 2020;15:48. https://doi.org/10.1186/s13071-022-05161-6.
Zolnik CP, Prill RJ, Falco RC, Daniels TJ, Kolokotronis SO. Microbiome
changes through ontogeny of a tick pathogen vector. Mol Ecol.
2016;25:4963–77.
Clayton KA, Gall CA, Mason KL, Scoles GA, Brayton KA. The characterization and manipulation of the bacterial microbiome of the Rocky Mountain wood tick, Dermacentor andersoni. Parasit Vectors. 2015;8:632. https://
doi.org/10.1186/s13071-015-1245-z.
Gall CA, Reif KE, Scoles GA, Mason KL, Mousel M, Noh SM, et al. The bacterial microbiome of Dermacentor andersoni ticks influences pathogen
susceptibility. ISME J. 2016;10:1846–55.
Duan DY, Liu GH, Cheng TY. Microbiome analysis of the saliva and midgut
from partially or fully engorged female adult Dermacentor silvarum ticks
in China. Exp Appl Acarol. 2020;80:543–58. https://doi.org/10.1007/
s10493-020-00478-2.
Budachetri K, Gaillard D, Williams J, Mukherjee N, Karim S. A snapshot of
the microbiome of Amblyomma tuberculatum ticks infesting the gopher
tortoise, an endangered species. Ticks Tick-Borne Dis. 2016;7:1225–9.
Egyed L, Makrai L. Cultivable internal bacterial flora of ticks isolated in
Hungary. Exp Appl Acarol. 2014;63:107–22.
Murrell A, Dobson SJ, Yang X, Lacey E, Barker SC. A survey of bacterial
diversity in ticks, lice and fleas from Australia. Parasitol Res. 2003;89:326–
34. https://doi.org/10.1007/s00436-002-0722-4.
Rousseau R, Vanwambeke SO, Boland C, Mori M. The isolation of culturable bacteria in Ixodes ricinus ticks of a belgian peri-urban forest uncovers
opportunistic bacteria potentially important for public health. Int J
Environ Res Public Health. 2021;18:12134. https://doi.org/10.3390/ijerp
h182212134.
Choubdar N, Karimian F, Koosha M, Oshaghi MA. An integrated overview
of the bacterial flora composition of Hyalomma anatolicum, the main
vector of cchf. PLoS Negl Trop Dis. 2021;15:1–15. https://doi.org/10.1371/
journal.pntd.0009480.
Loong SK, Lim FS, Khoo JJ, Lee HY, Suntharalingam C, Ishak SN, et al. Culturable pathogenic bacteria in ticks parasitizing farm animals and rodents
in Malaysia. Trop Biomed. 2020;37:803–11.
Rudolf I, Mendel J, Šikutová S, Švec P, Masaříková J, Nováková D, et al.
16S rRNA gene-based identification of cultured bacterial flora from
host-seeking Ixodes ricinus, Dermacentor reticulatus and Haemaphysalis

Guizzo et al. Parasites & Vectors

31.
32.

33.
34.
35.

36.
37.
38.
39.
40.

41.

42.
43.
44.
45.
46.
47.

48.
49.
50.

51.

52.

(2022) 15:248

concinna ticks, vectors of vertebrate pathogens. Folia Microbiol (Praha).
2009;54:419–28.
Segura JA, Isaza JP, Botero LE, Alzate JF, Gutiérrez LA. Assessment of
bacterial diversity of Rhipicephalus microplus ticks from two livestock
agroecosystems in Antioquia, Colombia. PLoS ONE. 2020;15:1–18.
Guizzo MG, Neupane S, Kucera M, Perner J, Frantová H, da Silva Vaz I, et al.
Poor unstable midgut microbiome of hard ticks contrasts with abundant
and stable monospecific microbiome in ovaries. Front Cell Infect Microbiol. 2020;10:211. https://doi.org/10.3389/fcimb.2020.00211.
Maldonado-Ruiz LP, Neupane S, Park Y, Zurek L. The bacterial community of the lone star tick (Amblyomma americanum). Parasit Vectors.
2021;14:49. https://doi.org/10.1186/s13071-020-04550-z.
Eichler S, Schaub GA. Development of symbionts in triatomine bugs
and the effects of infections with trypanosomatids. Exp Parasitol.
2002;100:17–27. https://doi.org/10.1006/expr.2001.4653.
Lejal E, Chiquet J, Aubert J, Robin S, Estrada-Peña A, Rue O, et al. Temporal
patterns in Ixodes ricinus microbial communities: an insight into tickborne microbe interactions. Microbiome. 2021;9:153. https://doi.org/10.
1186/s40168-021-01051-8.
Bonnet SI, Pollet T. Update on the intricate tango between tick microbiomes and tick-borne pathogens. Parasite Immunol. 2021;43:12813.
https://doi.org/10.1111/pim.12813.
Narasimhan S, Swei A, Abouneameh S, Pal U, Pedra JHF, Fikrig E. Grappling with the tick microbiome. Trends Parasitol. 2021;37:722–33. https://
doi.org/10.1016/j.pt.2021.04.004.
Hoffmann A, Fingerle V, Noll M. Analysis of tick surface decontamination
methods. Microorganisms. 2020;8:1–16.
Binetruy F, Dupraz M, Buysse M, Duron O. Surface sterilization methods
impact measures of internal microbial diversity in ticks. Parasit Vectors.
2019;12:268. https://doi.org/10.1186/s13071-019-3517-5.
Syrova E, Kohoutova L, Dolejska M, Papezikova I, Kutilova I, Cizek A, et al.
Antibiotic resistance and virulence factors in mesophilic Aeromonas spp.
from Czech carp fisheries. J Appl Microbiol. 2018;125:1702–13. https://
doi.org/10.1111/jam.14075.
Neupane S, Modry D, Pafčo B, Zurek L. Bacterial community of the digestive tract of the European Medicinal Leech (Hirudo verbana) from the
Danube River. Microb Ecol. 2019;77:1082–90. https://doi.org/10.1007/
s00248-019-01349-z.
R Core Team. R: A language and environment for statistical computing.
Vienna: R Foundation for Statistical Computing; 2019.
McMurdie PJ, Holmes S. Phyloseq: an R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS ONE.
2013;8:e61217. https://doi.org/10.1371/journal.pone.0061217.
Oksanen J, Guillaume BF, Friendly M, Kindt R, Legendre P, et al. Vegan:
Community Ecology Package. 2.5-3. 2018.
Paradis E, Schliep K. Ape 5.0: An environment for modern phylogenetics
and evolutionary analyses in R. Bioinformatics. 2019;35:526–8. https://doi.
org/10.1093/bioinformatics/bty633.
Wickham H. Package ‘ggplot2’: elegant graphics for data analysis.
Springer-Verlag New York. 2016.
Bokulich NA, Subramanian S, Faith JJ, Gevers D, Gordon JI, Knight R, et al.
Quality-filtering vastly improves diversity estimates from Illumina amplicon sequencing. Nat Methods. 2013;10:57–9. https://doi.org/10.1038/
nmeth.2276.
Burešová V, Franta Z, Kopáček P. A comparison of Chryseobacterium
indologenes pathogenicity to the soft tick Ornithodoros moubata and
hard tick Ixodes ricinus. J Invertebr Pathol. 2006;93:96–104.
Ross BD, Hayes B, Radey MC, Lee X, Josek T, Bjork J, et al. Ixodes scapularis
does not harbor a stable midgut microbiome. ISME J. 2018;12:2596–607.
Hönig V, Svec P, Halas P, Vavruskova Z, Tykalova H, Kilian P, et al. Ticks
and tick-borne pathogens in South Bohemia (Czech Republic)—Spatial
variability in Ixodes ricinus abundance, Borrelia burgdorferi and tick-borne
encephalitis virus prevalence. Ticks Tick-Borne Dis. 2015;6:559–67.
Bonczek O, Žákovská A, Vargová L, Šerý O. Identification of Borrelia
burgdorferi genospecies isolated from Ixodes ricinus ticks in the South
Moravian region of the Czech Republic. Ann Agric Environ Med.
2015;22:637–41.
Adegoke A, Kumar D, Bobo C, Rashid MI, Durrani AZ, Sajid MS, et al.
Tick-borne pathogens shape the native microbiome within tick vectors.
Microorganisms. 2020;8:1299.

Page 12 of 12

53. Macaluso KR, Sonenshine DE, Ceraul SM, Azad AF. Infection and transovarial transmission of rickettsiae in Dermacentor variabilis ticks acquired
by artificial feeding. Vector-Borne Zoonotic Dis. 2001;1:45–53.
54. Sonenshine DE, Ceraul SM, Hynes WE, Macaluso KR, Azad AF. Expression
of defensin-like peptides in tick hemolymph and midgut in response
to challenge with Borrelia burgdorferi, Escherichia coli and Bacillus
subtilis. Exp Appl Acarol. 2002;28:127–34. https://doi.org/10.1007/
978-94-017-3526-1_9.
55. Stojek NM, Dutkiewicz J. Studies on the occurrence of Gram-negative
bacteria in ticks: Ixodes ricinus as a potential vector of Pasteurella. Ann
Agric Environ Med. 2004;11:319–22.
56. Tomaso H, Otto P, Peters M, Süss J, Karger A, Schamoni H, et al. Francisella
tularensis and other bacteria in hares and ticks in North Rhine-Westphalia
(Germany). Ticks Tick-Borne Dis. 2018;9:325–9.
57. Walterson AM, Stavrinides J. Pantoea: insights into a highly versatile
and diverse genus within the Enterobacteriaceae. FEMS Microbiol Rev.
2015;39:968–84.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

