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ABSTRACT

Ticks are obligate hematophagous ectoparasites of vertebrates and are relevant worldwide due to the number of
bacterial and other pathogens they can transmit. To date, the knowledge about the microorganisms that ticks
harbor and transmit to their hosts is incipient. In this study, 24 samples of mammals belonging to four taxonomic
orders and ticks of the genera Amblyomma and Rhipicephalus from the Orinoco region of Colombia were analyzed
to described and compare the bacterial microbiome. Genetic extraction was performed, and the V3-V4 region of
the 16S rRNA gene was amplified by PCR. Libraries were created, and those samples with adequate quality
indices were sequenced using Illumina MiSeq technology. Bacterial taxonomic assignment analyses were con-
ducted through Amplicon Sequence Variants (ASVs) and Operational Taxonomic Units (OTUs). The results
correspond to 16 samples that passed the quality filters, with 3218 OTUs (415 families). Although a considerable
number of unknown bacteria was found, Enterobacteriaceae, Beijerinckiaceae, Moraxellaceae, and Bur-
kholderiaceae are the most prevalent families, and the presence of the genera Coxiella, Escherichia-Shigella,
Enterobacter, which can harbor pathogenic species was confirmed. In individuals of Amblyomma mixtum found
actively feeding on Hydrochoerus hydrochaeris, bacteria of the genera Escherichia-Shigella and Enterobacter were
documented. Similarly, Rhipicephalus microplus found actively feeding on Odocoileus virginianus cariacou shared
Escherichia-Shigella. Ralstonia was shared among the blood samples of H. hydrochaeris, while Anaplasma and
Eubacterium were shared in blood and liver samples of O. v. cariacou. Shared bacteria between A. mixtum and
R. microplus included Bacillus, Coxiella, and Escherichia-Shigella. The results highlight the need of additional
studies in other natural regions of Colombia and other American countries where tick-borne diseases have been
detected. Likewise, the recorded data are the first at the level of bacterial communities in ticks of the family
Ixodidae and provide valuable knowledge for the understanding host-tick and pathogen interactions.

1. Introduction

can cause different conditions in humans (e.g., human anaplasmosis,
Lyme borreliosis, and tick-borne encephalitis), in domestic animals (e.g.,

Ticks (Acari: Ixodida) are vectors of a wide variety of tick-borne
pathogens (TBPs) causing several tick-borne diseases (TBD) in humans
and other vertebrates worldwide (Sonenshine and Roe, 2014; Gondard
et al., 2017; Magbool et al., 2022). The family Ixodidae includes ticks
recognized as vectors of bacteria, helminths, protozoa, and viruses that
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babesiosis and ehrlichiosis), and in wildlife (e.g., rickettsiosis) (Baneth,
2014; Efstratiou et al., 2021; Michalski et al., 2021; Bezerra-Santos et al.,
2022; Velasquez-Guarin et al., 2024). In addition to pathogens, the set of
microbial biotas associated with the tick is defined as the "microbiome"
and includes other commensal and endosymbiotic microorganisms that
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ticks harbor and can be vertically inherited (Greay et al., 2018;
Wu-Chuang et al., 2021; Grandi et al., 2023). Little is known about the
role that microorganisms (including bacteria), plays in ticks, they might
contribute to the arthropods’ fitness by providing nutrients ticks cannot
synthesize, such as B group vitamins, among others (Duron et al., 2015,
2018; Brenner et al., 2021; Zhong et al., 2021).

The tick microbiota also seems to play a role in the establishment,
maintenance of TBPs infection and transmission, most likely through
interaction with the tick’s immune system (Mateos-Hernandez et al.,
2021; Narasimhan et al., 2021; Grandi et al., 2023). Considering this,
the control of tick populations or the associated TBPs could be achieved
by manipulating the tick microbiota or particular endosymbionts
(Mateos-Hernandez et al., 2021; Narasimhan et al., 2021). In Ixodidae,
the most extensively studied bacterial communities are those associated
with: Amblyomma americanum, Amblyomma maculatum, Amblyomma
ovale, Amblyomma scalpturatum, Amblyomma tuberculatum, Dermacentor
andersoni, Dermacentor silvarum, Ixodes ricinus, and Rhipicephalus micro-
plus; these studies have enabled the characterization of pathogenic
bacterial species belonging to the genera Anaplasma, Borrelia, Ehrlichia,
and Rickettsia (Andreotti et al., 2011; Menchaca et al., 2013; Budachetri
et al., 2014, 2016; Wu-Chuang et al., 2021; Guizzo et al., 2022a;
Rojas-Jaimes et al., 2022). However, the evaluations of the dynamics
and complexity of the microbiomes associated with the tick diet are still
insufficient, and technical limitations might underestimate bacteria
with low abundances (Swei and Kwan, 2017; Ross et al., 2018; Guizzo
et al., 2020; Narasimhan et al., 2021). Traditionally, research have
focused on the occurrence of a single TBP and, in some cases,
co-infections (Couper and Swei, 2018; Mateos-Hernandez et al., 2021;
Grandi et al., 2023; Sarani et al., 2024). Similarly, and despite being part
of the tick, host, and pathogen triangle, few studies have highlighted the
bacterial communities present in ticks and their wild hosts (Egan et al.,
2021; Sarani et al., 2024).

In Neotropical and ecological complex countries such as Colombia,
the presence of 57 tick species (42 Ixodidae and 15 Argasidae) has been
confirmed (Rivera-Pdez et al., 2018a; Labruna et al., 2020; Ortiz-Giraldo
et al., 2021; Saracho-Bottero et al., 2020, 2021; Guglielmone et al.,
2021, 2023). For the Orinoquia region, one of the six natural regions of
Colombia that is shared with Venezuela and belongs to the Orinoco
River watershed, the presence of ticks such as Amblyomma mixtum,
Amblyomma triste (Ixodidae), and Ornithodoros hasei (Acari: Argasidae)
that are confirmed or potential vectors of pathogens has been confirmed
(Rivera-Paez et al., 2016; Ossa-Lopez et al., 2022, 2023). Similarly,
molecular evidence of rickettsial DNA and the detection of antibodies
provided strong evidence for the Orinoquia region to be considered the
third endemic region for Rocky Mountain spotted fever (RMSF) group
rickettsiosis (Miranda et al., 2011; Riveros-Pinilla et al., 2015;
Gomez-Quintero et al., 2017; Rivera-Paez et al., 2018b; Cardona-R-
omero et al., 2022; Velasquez-Guarin et al., 2024). A metagenomic
analysis conducted on the soft tick O. hasei (Acari: Argasidae) and bats of
the species Cynomops planirostris, Molossus pretiosus, and Noctilio albi-
ventris captured in the Orinoquia of Colombia (Carvajal-Agudelo et al.,
2022), detected species related to potentially pathogenic genera Borrelia
sp., Bartonella tamiae, Ehrlichia sp., and Rickettsia-like endosymbiont in
both ticks and bats.

In this context, the Orinoquia region of Colombia presents conditions
that warrant study to contribute information that enhances the under-
standing of the interactions between ticks-hosts and pathogens. Thus,
the aim of the present research was to characterize the bacterial
microbiomes present in hard ticks within Ixodidae and in wild and do-
mestic mammals from the municipality of Arauca, Department of
Arauca, Orinoquia region of Colombia.
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2. Materials and methods
2.1. Study area

The field work was performed in November (end of the rainy season
and beginning of the dry season to maximize capture numbers) of two
years (2018 and 2021), in the “veredas” El Socorro (~06°46/, 70°43'W;
134 m), and Las Plumas (~06°36’ N, 70°29' W, 110-125 m), Munici-
pality of Arauca, Department of Arauca, Colombia, situated in the
lowlands of the Orinoquia region of Colombia (Fig. 1). The region has a
unimodal rainfall regime with a rainy season from April to November
and a dry season from November to February (Buritica-Mejia, 2016).

2.2. Collection of samples and identification of specimens

Sherman traps, Tomahawk traps, and mist nets were used to capture
wild mammals using standard protocols (Voss and Emmons, 1996;
Proulx, 2022). The work with domestic mammals was made possible
thanks to the Unidad Administrativa Especial de Salud de Arauca, and
the landowners and the general community of the localities. Some wild
mammals were collected and euthanized following animal care recom-
mendations (Sikes, 2016; Institutional Animal Care and Use Committee
- TACUC, 2018). Additionally, blood samples were collected (Table 1) by
puncture in the brachial vein (in bats), as well as through a small cut at
the tip of the tail (in Sus domesticus). The identification of the collected
mammals was based on taxonomic keys (e.g., Gardner, 2008; Patton
et al., 2015), and all samples and specimens collected were deposited in
the mammals and ectoparasites collections of the Museo de Historia
Natural of the Universidad de Caldas (MHN-UCa). Manual search for
ectoparasites was conducted on all mammals, and hard ticks were
removed from hosts with the aid of entomological forceps, then placed
alive in cryogenic tubes for subsequent morphological identification
using a Zeiss DV4 stereomicroscope (Barros-Battesti et al., 2006; Nava
et al., 2017; Guglielmone et al., 2021), and molecular confirmation was
carried out through the amplification of two partial mitochondrial 16S
rRNA and cox1 genes. An approximately 460 bp fragment of the 16S
rRNA gene was obtained using the primers 16S + 1 5-
CCGGTCTGAACTCAGATCAAGT-3" (Norris et al.,, 1996) and 16S - 1
5-GCTCAATGATTTTTTAAATTGCTGT -3’ (Mangold et al., 1998). The
Cytochrome c¢ oxidase subunit 1 (cox1) gene was amplified using the
primers LCO1490 (F) 5-GGTCAACAAATCATAAAGATATTGG-3' and
HCO2198 (R) 5-TAAACTTCAGGGTGACCAAAAAATCA-3' which
amplify an approximate 700 bp fragment (Folmer et al., 1994). The
amplicons were sequenced using the Sanger technique at Macrogen
(South Korea). We evaluated and edited the sequences with Geneious
Prime® 2023.2.1 (Kearse et al., 2012). We also performed the confir-
mation of tick species using BLASTN in the National Center for
Biotechnology Information (NCBI). The obtained sequences were
deposited in the GenBank of the NCBI.

2.3. Sample preparation

Female hard ticks collected actively feeding on hosts were selected
(Table 2). They were washed with 5% sodium hypochlorite for 5 min,
followed by 5 washes of 5 min each in deionized distilled water,
following a modified protocol from Kemp and Smith (2005) and Hoff-
mann et al. (2020). Some Amblyomma ticks (n = 3) were stored in a 2 mL
Eppendorf tube in DNA/RNA Shield™ Reagent (Zymo Research) as they
originated from the same host. Other ticks were dissected (Amblyomma:
n = 9; Rhipicephalus: n = 5) in sterile phosphate-buffered saline (PBS) at
1% with the assistance of a Zeiss DV4 stereomicroscope to separate the
midguts (m), ovaries (o) with oviduct (od), and salivary glands (sg)
(Camargo-Mathias, 2013, 2018; Grandi et al., 2023). Subsequently, the
organs were separately washed in a 1% PBS solution and pooled by host
and each of the organs to be stored in 0.2 mL Eppendorf tubes with
DNA/RNA Shield™ Reagent (Grandi et al., 2023). The blood collected
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Fig. 1. Study area. (A) American Continent, (B) Colombia, (C) Department of Arauca, Colombia. Sampled localities in the municipalities of Arauca. (1) Vereda El
Socorro, Finca Los Trompillos. (2) Vereda El Socorro, Finca Palmira. (3) Vereda Las Plumas, El Cano. (4) Vereda Las Plumas, Los Iguanitos.

Table 1
Collection information of sampled mammals, Municipality Arauca, Department of Arauca, Orinoquia region, Colombia.
Locality Collection Coordinates Elevation Mammal species (host) Museum code Sample/Metagenome
date (m) (host) D

Vereda El Socorro, Finca Los Nov. 1, 2021 06°46'46.4" N, 70°43'00" W 135 Eptesicus orinocensis MHN-UCa-M 3691  blood/MH1
Trompillos liver/MH2

Vereda El Socorro, Finca Los Nov. 1, 2021 06°46'46.3" N, 70°42'59.2" 135 Desmodus rotundus MHN-UCa-M 3682  blood/MH3
Trompillos w liver/MH4

Vereda El Socorro, Finca Los Nov. 3, 2021 06°47'21.1" N, 70°42'44.7" 130 “ Didelphis marsupialis MHN-UCa-M 3674  blood/MH5
Trompillos w liver/MH6

Vereda El Socorro, Finca Los Nov. 4, 2021 06°47'17.9" N, 70°42'40.9" 127 Marmosa robinsoni MHN-UCa-M 3676  blood/MH7
Trompillos w liver/MH8

Vereda El Socorro, Finca Los Nov. 5, 2021 06°47'20.1" N, 70°42'46.5" 125 Oecomys speciosus MHN-UCa-M 3678  blood/MH9
Trompillos w liver/MH10

Vereda El Socorro, Finca Palmira Nov. 5, 2021 06°46'47" N, 70°42'59.8" W 121 Hydrochoerus MHN-UCa-M 3733 blood/MH11

hydrochaeris liver/MH12

Vereda El Socorro, Finca Los Nov. 7, 2021 06°46'47.5" N, 70°43'02.3" 130 Odocoileus v. cariacou MHN-UCa-M 3734  blood/MH14
Trompillos w liver/MH15

Vereda Las Plumas, El Cano Nov. 12,2018  6°36'18" N; 70°31'51" W 120 H. hydrochaeris - blood/MH19

Vereda El Socorro, Finca Los Nov. 3, 2021 06°46'46.3" N, 70°42'59.2" 130 Bos taurus - tick collection only
Trompillos w

Vereda Las Plumas, Los Iguanitos Nov. 12,2018  06°36'39.90"N, 70°31'51.20" 121 Sus domesticus MHN-UCa-M 2077  blood/MH24

W

Bold codes: Low quality in library construction.
# Synanthropic mammals.

from the mammals was deposited in 5 mL heparinized tubes mixed in a
1:9 ratio, with DNA/RNA Shield reagent (Zymo Research, Irvine, CA,
USA) following the manufacturer’s instructions.

Liver samples from euthanized wild mammals were individually
placed in sterile Petri dishes and washed with 1% PBS (Farbehi et al.,
2021). Longitudinal or transverse cuts were made on each liver sample,
excess blood was removed with sterile WypAll towels, and then stored in
DNA/RNA Shield™ Reagent. All samples were stored at 4 °C and upon
arrival at the Laboratory of Molecular Biology of the Universidad de
Caldas, they were stored at —80 °C until molecular processing. All ma-
terials used in organ manipulation (forceps, scissors, Petri dishes,

WypAll towels) were washed with povidone-iodine and distilled water
and sterilized in a portable disinfection box (UV sterilization box 99%
Obecilc I-lmh200317).

2.4. DNA extraction and sequencing

DNA from the samples (organs and blood) of ticks and/or mammals,
as well as whole ticks, was obtained using the ZymoBIOMICS DNA/RNA
Miniprep Kit (Zymo Research), according to the specific instructions
that involve the maceration of all samples through bead beating (30
min), and specifically for blood, 750 pL of sampled blood (blood + RNA/
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Table 2
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Collection information of hard ticks (females) parasitizing mammals in the Municipality of Arauca, Department of Arauca, Orinoquia region, Colombia.

Mammal species (host) Museum code (host)

Tick species (ectoparasite)

No. Ticks (pool) Sample type Metagenome ID

H. hydrochaeris MHN-UCa-M 3733 A. mixtum
Odocoileus v. cariacou MHN-UCa-M 3734 R. microplus
B. taurus - A. mixtum
S. domesticus - A. mixtum

3 whole ticks MH13
5 salivary glands MH16
midguts MH17
ovaries MH18
6 salivary glands MH20
midguts MH21
ovaries MH22
3 whole ticks MH23

Bold codes: Low quality in library construction.

DNA shield) were used to the whole process according to the specific
instructions. Maceration processes were carried out with a Beadbug
homogenizer (Benchmark, US) at 4.000 rpm. The DNA was quantified
by fluorometry on a Quantus Fluorometer™ (Promega®) using the
QuantiFluor® dsDNA System (Promega®), meeting the concentration
parameters (>0.1 ng/pL). Samples were sent for sequencing to amplify
the V3-V4 region of the 16S gene bacterial rRNA. Amplicon library
construction was done using Macrogen’s (Macrogen Inc., South Korea)
default primers (Bakt_341F: CCTACGGGNGGCWGCAG and Bakt_805R:
GACTACHVGGGTATCTAATCC) (Herlemann et al., 2011). This includes
quality control to verify the viability of the sequencing process, 16S gene
library preparation and sequenced with 300-bp paired-end chemistry on
a MiSeq instrument (I[llumina, 2013). The raw data are available under
the BioProject ID PRINA1080232.

2.5. Bioinformatics analysis

Microbiome analysis on the resulting data was performed using
Quantitative Insights Into Microbial Ecology 2 Software - QIIME 2.0
version 2023.2 (Bolyen et al., 2019). The quality was checked using
fastq (Phred33 applied for quality control), and cutadapt (v.2.6) (Mar-
tin, 2011), to remove reads contaminated with adapter sequences,
ambiguous bases (N bases), and low complexity. Denoising (quality
filtering, trimming, paired-end sequence merging and chimera) and
dereplication in Amplicon Sequence Variants (ASVs) filtering were
performed with the DADA2 (Callahan et al., 2016; Bokulich et al., 2013).
ASVs from DADA2 were assigned taxonomically with classify-sklearn
with a Naive Bayes supervised learning algorithm using the trained
SILVA 16S rRNA gene database version 138 (Quast et al., 2013; Yilmaz
et al., 2014; Bokulich et al., 2018) and sample taxonomic composition,
and structure was visualised using QIIME 2 bar plot. Extract-reads from
the SILVA database to create a classifier (classifier_silva_138) specif-
ically for the V3-V4 region of the 16S rRNA gene. Operational Taxo-
nomic Units (OTUs) were generated from the ASVs in the previous step
using vsearch cluster-features-de-novo (percent identity of 97%), fol-
lowed by a qiime taxa collapse, level 6 (genus), and the individual
Relative Frequency was obtained (Rognes et al., 2016). Organellar 16S
rRNA sequences, i.e., from mitochondria and chloroplasts, were elimi-
nated. A non-parametric Kruskal-Wallis test and the Goods coverage
index were calculated wusing the q2-diversity plugin’s
core-metrics-phylogenetic action for the OTUs, this action is another
QIIME 2 pipeline (Estaki et al., 2020). Finally, Venn diagrams were
generated to compare the OTUs composing the blood and liver samples
by species, ticks with their host, and among ticks. Additionally, all OTUs
from all samples were included for inter-sample comparison to deter-
mine prevalence by family (at least one shared OTU between two sam-
ples), the analyses were performed using the web tool InteractiVenn
(Heberle et al., 2015).

3. Results

A total of 10 individuals from nine mammal species including ar-
tiodactyls (Artiodactyla: Bovidae: Bos taurus; Cervidae: Odocoileus vir-
ginianus cariacou; and Suidae: Sus domesticus), bats (Chiroptera:
Phyllostomidae: Desmodus rotundus; Vespertilionidae: Eptesicus orino-
censis), opossums (Didelphimorphia: Didelphidae: Didelphis marsupialis
and Marmosa robinsoni), and rodents (Rodentia: Caviidae: Hydrochoerus
hydrochaeris; and Cricetidae: Oecomys speciosus) were analyzed
(Table 1). A total of 17 female hard ticks Amblyomma mixtum and Rhi-
picephalus microplus were found parasitizing the examined mammals
(Table 2). The GenBank accession numbers of the DNA sequences ob-
tained from the ticks analyzed in this study are: PP627073, PP627079-
PP627081 for the mitochondrial 16S rRNA gene, and PP590342 for the
cox1 gene.

Library construction was completed for 24 samples (MH1-MH24)
corresponding to nine blood samples, seven liver samples, and eight tick
samples (Tables 1 and 2). Library QC reported eight samples with low
quantity and unexpected size libraries that have failed, which were
excluded from the study (Tables 1 and 2). In total 3,302,190 (paired-
end) sequencing reads were obtained from the 16 samples; 570,608
reads from tick samples and 2,731,582 reads from mammalian blood
and liver samples. After trimming the demultiplexed reads, the mean
number of reads for each sample was 103,193.44 (forward and reverse
reads). The minimum number of reads in a sample was 77,945, corre-
sponding to the liver sample of the common vampire bat, D. rotundus,
and the maximum was 143,377 for the liver sample of the Robinson’s
mouse opossum, M. robinsoni. In the random sampling of 10,000 out of
1,651,095 sequences without replacement, the minimum sequence
length identified during subsampling was 282 bases (median = 284 nt)
for forward reads, and 234 bases (median = 280 nt) for reverse reads. A
total of 3970 ASVs were obtained with a total frequency of 648,328,
represented in 3218 OTUs. After taxa collapse, 746 OTUs remained at
the genus level.

The Relative Frequency analysis showed that the bacterial commu-
nities are mainly characterized by the following families: Anaplasma-
taceae (in the liver of the white-tailed deer O. v. cariacou), Clostridiaceae
(in the liver of the common opossum, D. marsupialis), Coxiellaceae (in
A. mixtum; and salivary glands and ovaries of R. microplus), Enter-
ococcaceae (in the liver of D. rotundus), Moraxellaceae (in the liver of
M. robinsoni), Mycoplasmaceae (in the blood of the domestic pig,
S. domesticus and the capybara, H. hydrochaeris - MH19), Prevotellaceae
(in the blood of O. v. cariacou), Pseudomonadaceae (in the blood of
D. marsupialis), Rhizobiaceae (in the blood of D. rotundus), Rhodo-
bacteraceae (in the blood of M. robinsoni), and Streptococcaceae (in the
blood of H. hydrochaeris - MH11) (Fig. 2A; Table 3; Supplementary
material 1). In the liver sample of the arboreal rice rat, Oecomys spe-
ciosus, only the class Gammaproteobacteria could be identified, and in
most samples, percentages of bacteria that could not be taxonomically
determined were found (Fig. 2A; Table 3; Supplementary material 1).
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Fig. 2. Relative frequency of OTUs. The bars represent the bacterial communities and the representative families are indicated. (A) OTUs in blood and liver of
mammals and ticks (16 samples); bacterial taxa were grouped up to the genus level (6 levels). (B) Relative frequency of OTUs in ticks (3 samples: MH13; MH16 and
MH18). Bacterial taxa were grouped at the species level (7 levels). Complete relative frequencies in supplementary material 2.

Table 3

Major percentages of the resuts of the relative frequency of the studied bacterial communities of hard ticks (females) and mammals in the Municipality of Arauca,
Department of Arauca, Orinoquia region, Colombia. The frequency (reads — sequences) values correspond to retained 609,266 (100.00 %) features in 15 (100.00 %)

samples.

Species Sample/Metagenome Frequency (reads - Relative Frequency
1D sequences) Family/Genus with percentage

D. rotundus blood/MH3 43,550 Rhizobiaceae/Bartonella (91.02)
liver/MH4 12,040 Unknown Bacteria (75.31); Enterococcaceae/Enterococcus (9.61)

D. marsupialis blood/MH5 62,107 Unknown Bacteria (37.92); Pseudomonadaceae/Pseudomonas (21.9)
liver/MH6 37,752 Unknown Bacteria (71.04); Clostridiaceae/Sarcina (26.42)

H. hydrochaeris blood/MH11 54,149 Unknown Bacteria (90.44); Streptococcaceae/Streptococcus (2.02)
liver/MH12 45,331 Unknown Bacteria (99.96)
blood/MH19 38,729 Unknow Bacteria (98.4); Mycoplasmaceae/Mycoplasma (0.31)

M. robinsoni blood/MH7 22,353 Unknown Bacteria (95.14); Rhodobacteraceae/Rubellimicrobium (1.64)
liver/MH8 60,209 Unknown Bacteria (84.34); Moraxellaceae/Acinetobacter (11.41)

Odocoileus v. blood/MH14 28,039 Prevotellaceae/Prevotella (16.52)

cariacou liver/MH15 31,480 Unknown Bacteria (99.76); Moraxellaceae/Acinetobacter (0.032); Anaplasmataceae/Anaplasma
(0.102)

O. speciosus liver/MH10 45,385 Unknown Bacteria (30.66); “Gammaproteobacteria (6.04)

S. domesticus blood/MH24 41,516 Mycoplasmaceae/Mycoplasma (99.06)

A. mixtum whole ticks/MH13 45,067 Coxiellaceae/Coxiella (93.6)

R. microplus salivary glands/MH16 29,018 Coxiellaceae/Coxiella (65.35)
ovaries/MH18 51,603 Coxiellaceae/Coxiella (99.01)

@ Taxonomic classification at Class level.

Regarding the family Coxiellaceae, it was determined that the species
A. mixtum has a frequency of 93.6% for Coxiella, and the samples of
salivary glands and ovaries of R. microplus contain frequencies of 62%
and 99.02%, respectively, for Coxiella Endosymbiont (Fig. 2B; Supple-
mentary material 2). Venn diagrams allow visualizing the percentage of
shared bacterial OTUs at the genus or species level among the blood and
liver samples of each mammal species and tick (Fig. 3; Table 4). All
samples obtained a value > 97% for the Goods coverage index, indi-
cating that only 3% of OTUs are probably not covered during
sequencing, except for the liver sample of O. speciosus (MH10) with a
value of 83% (Fig. 4). The results of the Kruskal-Wallis test for the
different phylogenetic lineages and taxonomic richness did not show
significant differences (p-value = 0.38 and 0.35, respectively).

Finally, the prevalence of bacterial OTUs represented at the family
level (at least one shared OTU between two samples) were obtained as
follows: 62.5% for Enterobacteriaceae; 50% for Beijerinckiaceae and
Moraxellaceae; 43.75% for Burkholderiaceae; 37.5% for Bacillaceae and
Propionibacteriaceae; 31.25% for Bacteroidaceae, Butyricicoccaceae,

Comamonadaceae, and Streptococcaceae; 25% for Caulobacteraceae,
Pseudomonadaceae, Lachnospiraceae, Rhizobiaceae, and Xantho-
bacteraceae; 18.75% for Corynebacteriaceae, Coxiellaceae, Peptos-
treptococcaceae, and Planococcaceae; 12.5% for the families
Anaplasmataceae, Azospirillaceae, Clostridiaceae, Dermabacteraceae,
Gastranaerophilales, Intrasporangiaceae, Lactobacillaceae, Micro-
coccaceae, Mycobacteriaceae, Nocardiaceae, Nocardioidaceae, Oscil-
lospiraceae, Peptostreptococcaceae, Prevotellaceae, Rickettsiaceae,
Sphingomonadaceae, Staphylococcaceae, and Weeksellaceae (Table 5).
Two OTUs were identified up to the class level (Clostridia and Ther-
moleophilia), and 43 OTUs up to the Bacteria domain level. The highest
prevalence among mammals were observed for the families Beijerinck-
iaceae, Burkholderiaceae, Enterobacteriaceae, Moraxellaceae, and Pro-
pionibacteriaceae; these also exhibited the highest prevalence for
families shared between ticks and mammals.
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Fig. 3. Operational taxonomic units (OTUs) shared at the genus and species level for mammals and ticks. Percentage values are found in the Venn diagrams. (A)
Samples of Desmodus rotundus. (B) Samples of Didelphis marsupialis. (C) Samples of Marmosa robinsoni. (D) Samples of Hydrochoerus. hydrochaeris and Amblyomma
mixtum. (E) Samples of Odocoileus virginianus cariacou and Rhipicephalus microplus. (F) Samples of Amblyomma mixtum and Riphicephalus microplus.

4. Discussion

The results obtained of the ticks’ microbiome are consistent with
previous studies in which bacteria of the family Coxiellaceae, encom-
passing Coxiella burnetii and Coxiella-like endosymbionts (CLEs), have
been detected (Wu-Chuang et al., 2021; Guizzo et al., 2022b). Coxiella
burnetii causes Q fever in humans and coxiellosis in animals, this
distinction between C. burnetii and the Coxiella-like endosymbionts
(CLEs) in ticks is problematic besides the latter are non-infectious to
vertebrate hosts but are necessary for the health of these arthropods
(Duron et al., 2015; Brenner et al., 2021). The presence of bacteria
within the families Bacillaceae, Burkholderiaceae, and Enterobacteri-
aceae in ticks is consistent with reported in the microbial diversity
associated with the tick Hyalomma dromedarii (Alreshidi et al., 2020).
These families contain species within Bacillus, Enterobacter, Shigella, and
Escherichia, which can be either harmless or pathogenic to arthropods
and mammals, including humans (Turnbull, 1996; Fukushima et al.,
2002; Khalaf et al., 2018; Alphonse and Odendall, 2023). Regarding
Intrasporangiaceae, this family contains saprophytic bacteria associated
with the hematophagous mite Dermanyssus gallinae (Valiente Moro et al.,
2009). Within this family, the genus Ornithinimicrobium has been re-
ported in Amblyomma tick species, and the feces of birds and bats (Lee
et al., 2021; Huang et al., 2023).

The prevalence of bacteria in ticks is similar to that in mammals,
with the addition of the families Beijerinckiaceae and Moraxellaceae,
which include genera such as Acinetobacter, Bosea, Methylobacterium-
Methylorubrum reported for the first time related with tick-borne dis-
eases (TBDs) by Portillo et al. (2019). Some of these genera (Acineto-
bacter, Bosea, Methylobacterium) and others (e.g., Bradyrhizobium,
Brevundimonas, Burkholderia, Chryseobacterium, Comamonas, Devosia,
Erwinia, Flavobacterium) were primarily associated with the tick cuticle
or the environment (Portillo et al., 2019). However, Hernandez-Jarguin
etal. (2018), Binetruy et al. (2019), and Lejal et al. (2021), also detected
bacterial genera commonly found in the environment as part of the
microbiota of the organs of the tick L ricinus previously cleaned with
bleach. Enhydrobacter (Moraxellaceae) was reported by Adegoke et al.

(2022) as the only genus represented exclusively in eggs of
A. maculatum, and in our study, it was reported in the salivary glands.

The relative frequency of the genus Bartonella (Rhizobiaceae)
observed in mammals aligns with the reports of this bacteria associated
with the common vampire bat, D. rotundus, in the Brazilian Atlantic
Forest biome (Ferreira et al., 2018). Other bacteria genera such as Aci-
netobacter (Moraxellaceae), Anaplasma (Anaplasmataceae), Enterococcus
(Enterococcaceae), Prevotella (Prevotellaceae), Pseudomonas (Pseudo-
monadaceae), Rubellimicrobium (Rhodobacteraceae), and Sarcina (Clos-
tridiaceae) contains zoonotic pathogens that infect a wide range of wild
and domestic mammal species (Tate et al., 2013; Battilani et al., 2017;
Chen et al., 2020; Nowakiewicz et al., 2021; Qi et al., 2022; dos Santos
Costa et al., 2023; Makovska et al., 2023).

Furthermore, several species of Prevotella and Sarcina have been
associated with pathologies primarily related to the digestive system of
different animals, including humans, macaques, livestock, rodents, and
insects (Chen et al., 2017, 2020; Dumitru et al., 2020; O’Hara et al.,
2020; Owens et al., 2021; Betancur-Murillo et al., 2023; Makovska et al.,
2023). Our study included two rodent species (H. hydrochaeris and
O. speciosus), which are recognized reservoirs and vectors of zoonoses (at
least 60 diseases; Taylor et al., 2008; Dahmana et al., 2020). The func-
tional role played by rodents in the amplification, transmission, and
spread of pathogens, including Streptococcus (Streptococcaceae) and
Pseudomonas (class Gammaproteobacteria), is underestimated (Ayyal
et al., 2019; Dahmana et al., 2020; Jahan et al., 2021), and new studies
should be performed. Furthermore, in the domestic pig, S. domesticus,
the genus Mycoplasma (Mycoplasmaceae) which is of porcine impor-
tance was detected. Within the genus, Mycoplasma suis stands out as the
etiological agent of porcine hemoplasmosis, which is part of the group of
hemotropic mycoplasmas (Ritzmann et al., 2009).

The results of the bacterial communities of the ticks analyzed in this
study align with the findings of Wu-Chuang et al. (2021) and several
other studies that suggest that bacterial diversity in tick microbiomes is
not as high as initially thought. Studies on microbial diversity in Ixodes
pacificus, I. scapularis, . ricinus, R. microplus and Dermacentor spp., have
shown that bacterial communities are dominated by a few core species,
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Table 4
Relationships of Operational Taxonomic Units (OTUs) shared at the genus level,
between mammalian blood, liver samples, and tick samples.

Species Sample/ Shared bacterial OTUs
Metagenome ID ,
Family/Genus (N°. OTUs)
D. rotundus blood/MH3 Enterobacteriaceae/Escherichia-Shigella (1
liver/MH4 OTU); Unknown Bacteria (1 OTU)
D. marsupialis blood/MH5 Caulobacteraceae/Brevundimonas (1 OTU);
liver/MH6 Butyricicoccaceae/Genus unknown (1 OTU);
Unknown Bacteria (14 OTUs)
M. robinsoni blood/MH7 Streptococcaceae/Streptococcus (1 OTU);
liver/MH8 Unknown Bacteria (15 OTUs)
H. hydrochaeris ~ blood/MH11 Unknown Bacteria (3 OTUs)
liver/MH12
H. hydrochaeris ~ blood/MH11 Enterobacteriaceae/Escherichia-Shigella (1

A. mixtum whole ticks/ OTU); Enterobacteriaceae/Enterobacter (1
MH13 OTU); Moraxellaceae/Genus unknown (1
OTU);
H. hydrochaeris blood/MH11 Burkholderiaceae/Ralstonia (1 OTU);

blood/MH19 Xanthobacteraceae/Bradyrhizobium (1
OTU); Unknown Bacteria (1 OTU)
liver/MH12 Unknown Bacteria (2 OTUs)
blood/MH19
H. hydrochaeris ~ blood/MH11 Unknown Bacteria (2 OTUs)
liver/MH12
blood/MH19
Odocoileus v. blood/MH14 Enterobacteriaceae/Escherichia-Shigella (1
cariacou OTU)
R. microplus salivary glands/
MH16
ovaries/MH18
Odocoileus v. blood/MH14 Anaplasmataceae/Anaplasma (1 OTU);
cariacou liver/MH15 Oscillospiraceae/Genus unknown (1 OTU);
Lachnospiraceae/Eubacterium (1 OTU);
Unknown Bacteria (1 OTU)
R. microplus salivary glands/ Coxiellaceae/Coxiella (1 OTU);
MH16 Enterobacteriaceae/Escherichia-Shigella (1
ovaries/MH18 OTU); Intrasporangiaceae/
Ornithinimicrobium (1 OTU);
Burkholderiaceae/Ralstonia (1 OTU);
Unknown Bacteria (3 OTUs)
A. mixtum whole ticks/ Coxiellaceae/Coxiella (1 OTU)
MH13
R. microplus salivary glands/
MH16
A. mixtum whole ticks/ Bacillaceae/Bacillus (1 OTU)
MH13
R. microplus ovaries/MH18
A. mixtum whole ticks/ Enterobacteriaceae/Escherichia-Shigella (1
MH13 OTU)
R. microplus salivary glands/
MH16
ovaries/MH18

Good coverage
1

International Journal for Parasitology: Parasites and Wildlife 24 (2024) 100943

likely endosymbionts (Ross et al., 2018; Chicana et al., 2019; Couper
et al., 2019; Guizzo et al., 2020). Genomes of tick-transmitted intra-
cellular pathogens such as Anaplasma, Borrelia, Coxiella, Ehrlichia and
Rickettsia lack interbacterial effector immunity genes involved in
bacteria-bacteria interactions (Ross et al., 2018). O Keeffe et al. (2020)
proposed that the negative selection of the effector genes may be
explained by low selective pressure on interbacterial competition
pathways mediated by a poor microbiota. However, host microbiota can
also facilitate pathogen infections and microbiome-pathogen in-
teractions go well beyond protein-mediated interactions (Stevens et al.,
2021). Several variables including poor health, the application of anti-
biotics, or infection by invading pathogens might cause a loss of the host
microbiota diversity or disruption to the environment allowing the
expansion of harmful microbes (Stevens et al., 2021). The microbiota
and the relation between invading pathogens are complex and need
more research.

The present research, along with other studies conducted on tick-
borne pathogens (TPB), have also detected a considerable range of
non-pathogenic microorganisms in almost all tick species examined so
far (Alreshidi et al., 2020; Bonnet et al., 2017; Portillo et al., 2019).
These microorganisms include maternally inherited intracellular sym-
bionts, that they could strongly influence the biology of the tick hosts, as
well as the dynamics of infection by tick-borne pathogens (TBP) in
mammals (Bonnet et al., 2017). Thus, the sequences of unknown bac-
teria detected in our study may correspond to taxa that have not been
previously described or are phylogenetically distant from the genomes
deposited in public databases, representing another level of uncharac-
terized diversity (Lagier et al., 2012; Thomas and Segata, 2019). Ac-
cording to Rinke et al. (2013) and Thomas and Segata (2019) at the
deepest level of hidden diversity there are those members of the com-
munity that are not captured at all by the experiment named the un-
detected unknowns. These might include crucial taxa with low
abundances, whose genetic material is below the level of detection and
is not sampled by sequencing techniques.

5. Conclusion

The results show the relative frequencies of bacterial OTUs corre-
sponding to the family or genus level. The results reveal a considerable
number of unknown bacteria, and circulation of pathogenic and non-
pathogenic bacteria between mammals and ticks. Additionally, the re-
sults are the first data at the level of bacterial microbiome of different
wild and domestic mammalian hosts of ticks of the family Ixodidae in
the Colombian Orinoquia region.

6. Ethics declarations

Sample collection was conducted under the framework permit
granted by the National Environmental Licensing Authority (ANLA) to
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Fig. 4. Goods coverage index for each sample using the OTUs. Retained 330,000 (49.90%) features in 15 (93.75%) samples at the specified sampling depth (22,000).



Table 5

Prevalence of bacterial OTUs (97% sequence identity; OTUs found in at least two samples) for samples (n = 16) of mammals and ticks from Arauca, Department of Arauca, Orinoquia region, Colombia.

Bacteria Samples
D. rotundus D. marsupialis M. robinsoni H. hydrochaeris  A. Odocoileus v. R. microplus S.
mixtum cariacou domesticus
Family Genus Blood Liver Blood Liver Blood Blood Liver whole Blood Liver  Salivary Ovaries Blood
ticks glands
Enterobacteriaceae Enterobacter X X
Escherichia-Shigella X X X X X X X X
Unknown X X X
Beijerinckiaceae Bosea X
Methylobacterium- X XX X X
Methylorubrum
Unknown X X
Moraxellaceae Enhydrobacter X X X
Acinetobacter X X X X X X
Unknown X X
Burkholderiaceae Ralstonia X X X X
Paraburkholderia X X
Bacillaceae Bacillus XX X X X X X
Propionibacteriaceae Cutibacterium X X X X
Bacteroidaceae Bacteroides X X X X X
Butyricicoccaceae Unknown X X X X X
Comamonadaceae Aquabacterium X XX X X X
Curvibacter X X
Streptococcaceae Streptococcus X X X
Lactococcus X
Caulobacteraceae Brevundimonas XX X X X
Pseudomonadaceae Pseudomonas XX X XX X
Lachnospiraceae Eubacterium X X
Lachnoclostridium X X
Rhizobiaceae Allorhizobium-Neorhizobium- X X X
Pararhizobium-Rhizobium
Xanthobacteraceae Bradyrhizobium X X X
Corynebacteriaceae Lawsonella X X X
Coxiellaceae Coxiella X X
Coxiella Endosymbiont X X
Peptostreptococcaceae  Romboutsia X X X
Planococcaceae Kurthia X X
Anaplasmataceae Anaplasma X X
Azospirillaceae Nitrospirillum X X
Clostridiaceae Clostridium X X
Dermabacteraceae Brachybacterium X X
Gastranaerophilales Gastranaerophilales X X
Intrasporangiaceae Ornithinimicrobium X X
Lactobacillaceae Lactobacillus X
Micrococcaceae Micrococcus X X
Mycobacteriaceae Mycobacterium X X
Nocardiaceae Rhodococcus X X
Nocardioidaceae Nocardioides X X
Oscillospiraceae Unknown X X
Peptostreptococcaceae  Finegoldia X X
Prevotellaceae Prevotella XX XX
Rickettsiaceae Rickettsia X X
Sphingomonadaceae Novosphingobium X
Staphylococcaceae Staphylococcus X X
Weeksellaceae Chryseobacterium X X

X represents the presence of OTUs in the sample.
XX represent different OTUs in the same sample.
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the Universidad de Caldas as stipulated in Resolution N° 02497 of
December 31, 2018, updated by the resolution N° 000026 of January 9,
2024. Additionally, no species registered in the red list of threatened
species of Colombian consigned in the resolution N° 1912 of 2017,
updated by the resolution N° 0126 of February 6, 2024 were collected.
Wild mammal capture and collection were conducted with the approval
of the Comité de Bioética de la Facultad de Ciencias Exactas y Naturales
of the Universidad de Caldas (June 2, 2017 and September 20, 2019). All
samples and specimens collected were deposited in the mammals and
ectoparasites collections of the Museo de Historia Natural of the Uni-
versidad de Caldas (MHN-UCa).
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