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Abstract

Background Ixodid ticks, particularly Rhipicephalus sanguineus s.l., are important vectors of various disease-

causing agents in dogs and humans in Cuba. However, our understading of interactions among tick-borne patho-
gens (TBPs) in infected dogs or the vector R. sanguineus s.l. remains limited. This study integrates microfluidic-based
high-throughput real-time PCR data, Yule's Q statistic, and network analysis to elucidate pathogen-pathogen interac-
tions in dogs and ticks in tropical western Cuba.

Methods A cross-sectional study involving 46 client-owned dogs was conducted. Blood samples were collected
from these dogs, and ticks infesting the same dogs were morphologically and molecularly identified. Nucleic

acids were extracted from both canine blood and tick samples. Microfluidic-based high-throughput real-time PCR
was employed to detect 25 bacterial species, 10 parasite species, 6 bacterial genera, and 4 parasite taxa, as well

as to confirm the identity of the collected ticks. Validation was performed through end-point PCR assays and DNA
sequencing analysis. Yule’s Q statistic and network analysis were used to analyse the associations between different
TBP species based on binary presence-absence data.

Results The study revealed a high prevalence of TBPs in both dogs and R. sanguineus s.l., the only tick species found
on the dogs. Hepatozoon canis and Ehrlichia canis were among the most common pathogens detected. Co-infections
were observed, notably between E. canis and H. canis. Significant correlations were found between the presence

of Anaplasma platys and H. canis in both dogs and ticks. A complex co-occurrence network among haemoparasite
species was identified, highlighting potential facilitative and inhibitory roles. Notably, H. canis was found as a highly
interconnected node, exhibiting significant positive associations with various taxa, including A. platys, and E.

canis, suggesting facilitative interactions among these pathogens. Phylogenetic analysis showed genetic diversity

in the detected TBPs.

Conclusions Overall, this research enhances our understanding of TBPs in Cuba, providing insights into their preva-
lence, associations, and genetic diversity, with implications for disease surveillance and management.
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Background

Tick-borne diseases (TBDs) constitute a serious health
risk for both humans and animals on a global scale. In
recent decades, the increasing prevalence and trans-
mission of tick-borne pathogens (TBPs) have become
major concerns for public health and veterinary medi-
cine [1]. Notably, ixodid ticks can transmit a wider array
of disease-causing pathogens (e.g. bacteria, viruses,
and protozoa) compared to any other arthropod vec-
tor [2]. In addition, ticks can harbour multiple patho-
gens simultaneously, leading to coinfections, which can
make diagnosis and treatment challenging [3].

Dogs serve as valuable sentinels for the monitoring
of prevalence, diversity, and distribution of TBPs, par-
ticularly tick-borne protozoan and bacterial agents,
through scientific research and surveillance efforts [4].
Particularly, domestic dogs play a valuable role as ani-
mal sentinels due to their special bond with humans
and shared household and recreational risk factors [5].
The brown dog tick, Rhipicephalus sanguineus sensu
lato (s.l.) (Latreille, 1806), also known as the kennel tick
or pan-tropical dog tick, is likely the most widespread
ixodid tick species globally [6]. The primary hosts
of this tick species are mainly canids, and it is a well-
known competent vector of several pathogens caus-
ing diseases in dogs, including babesiosis, ehrlichiosis,
and hepatozoonosis, as well as rickettsiosis, which can
affect both dogs and humans [7].

In Cuba, the distribution of R. sanguineus tick species
extends primarily to the western region, encompassing
provinces such as La Habana, Mayabeque, and Pinar del
Rio [8]. Previous research work has provided some infor-
mation about the occurrence of TBPs in dogs from Cuba,
including Anaplasma platys, Ehrlichia canis, Hepato-
zoon canis, Rickettsia felis, Mycoplasma haemocanis,
and Candidatus Mycoplasma haematoparvum [9-12].
Additionally, the presence of Babesia vogeli and Rickett-
sia amblyommatis has been observed in R. sanguineus
s.l. and Amblyomma mixtum ticks collected from dogs,
respectively [13, 14].

The microfluidic-based high-throughput real-time
PCR systems have emerged as advanced molecular diag-
nostic tools, reshaping the detection and quantification
of genetic material such as DNA or RNA in biologi-
cal samples [15]. These systems offer a unique ability to
simultaneously detect a diverse array of TBPs with high
sensitivity and specificity using minimal DNA volumes,
representing an innovative alternative to large-scale epi-
demiological surveys of TBPs compared to standard
PCR assays [16, 17]. The integration of microfluidic-
based high-throughput real-time PCR data with statisti-
cal methods that measure the association between two
or more binary or nominal variables presents a powerful
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approach to enhance our understanding of TBPs and
their complex interactions. Particularly, Yule’s Q statis-
tic [18], designed to assess the strength and direction of
associations in binary data, aligns seamlessly with the
output of high-throughput PCR systems.

This study aims to illuminate the diverse landscape of
TBPs present in domestic dogs and ticks across the west-
ern region of Cuba through the utilization of microflu-
idic-based high-throughput real-time PCR detection. In
addition, this study endeavours to decipher the intricate
associations among different pathogen pairs through the
integration of cutting-edge molecular diagnostic tools
and innovative statistical approaches, contributing to
the formulation of effective strategies for disease surveil-
lance, control, and management.

Methods

Study design and sample collection

Blood sample collection

A cross-sectional study was conducted in different locali-
ties of provinces La Habana and Mayabeque in Cuba
between January 2022 and August 2022. The study
involved the collection of blood samples from 46 client-
owned dogs (32 male and 14 females). The dogs were
randomly selected, representing different age and breeds
categories, with a predominant presence of middle-aged
and crossbred dogs. During the sample collection pro-
cess, a veterinarian performed physical examination
on the dogs. This examination included recording their
body temperature, hydration status, and presence of skin
lesions. The blood samples were drawn aseptically from
the jugular vein using sterile Vacutainer needles and
EDTA tubes (Becton-Dickinson Vacutainer Systems in
Franklin Lakes, NJ, USA). The collected blood samples
were then stored at 4 °C and within 24 h from collection
DNA extraction was performed (see below).

Tick collection and taxonomic identification

The sampled dogs were inspected manually for tick infes-
tation, all ticks attached to the skin were removed, and a
representative sample of up to ten ticks per animal was
collected for further analysis. The collected ticks were
placed in labelled tubes and transported alive to the
laboratory for identification to development stage and
to species level. The ticks were identified morphologi-
cally under a dissecting stereoscopic microscope (Carl
Zeiss Light Microscopy, Gottingen, Germany) according
to the standard taxonomic keys described by Walker and
Keirans [19]. Although the collected specimens included
immature ticks, only the adults were identified to the spe-
cies level. Once identified, specimens of each tick group
were preserved in 70% ethanol using 1.5-ml plastic ster-
ile tubes and stored at—80 °C until DNA extraction. An
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adult female tick belonging to the species R. sanguineus
s.l. was selected for further analysis from each sampled
animal.

Nucleic acids extraction from canine blood and tick samples
Total nucleic acid was extracted from each EDTA-anti-
coagulated blood sample (300 pl) using the Wizard®
Genomic DNA Purification kit (Promega, Madison, W1,
USA) following the manufacturer’s instructions. Each
tick sample was rinsed three times in double-distilled
water to eliminate residual 70% alcohol, dried on sterile
filter paper, and sectioned using a sterile scalpel in Petri
dishes. Subsequently, the excised tick fragments were
transferred to a MagNA Lyser tube, along with ceramic
beads and 100 pl of phosphate-buffered saline (PBS)
(Sigma, St. Louis, MO, USA). The homogenization pro-
cess was carried out using a Roche MagNA Lyser (Roche
Molecular Diagnostics) at a speed of 5000 rpm (5% 60 s).
The resultant homogenized aliquots of tick tissue were
transferred to sterile tubes for subsequent DNA extrac-
tion. Afterwards, tick homogenates were subjected to
total nucleic acid extraction using the Wizard® Genomic
DNA Purification kit (Promega, Madison, W1, USA), fol-
lowing the manufacturer’s instructions. To ensure the
integrity of the procedure and minimize the risk of cross-
contamination, negative controls were prepared con-
currently by adding 300 pl PBS (Sigma, St. Louis, MO,
USA) to each batch of 20 samples. The quantitative and
qualitative evaluation of the extracted total nucleic acid
was determined using a Colibri Microvolume Spectro-
photometer (Titertek-Berthold, Pforzheim, Germany).
The extracted nucleic acid samples were stored at — 20 °C
until further use.

Molecular detection of tick-borne pathogens

DNA pre-amplification for microfluidic real-time PCR

To enhance pathogen DNA detection, total DNA was
initially pre-amplified using the PreAmp Master Mix
(Standard Biotools, San Francisco, CA, USA), follow-
ing the manufacturer’s guidelines. Primers (Additional
file 3: Table S1), excluding those targeting tick DNA and
controls, were combined in equal volumes to create a
pooled primer mix with a final concentration of 200 nM.
The reaction was carried out in a 5-pl volume, consist-
ing of 1 pl Perfecta Preamp 5%, 1.25 pl pooled primer
mix, 1.5 pl distilled water, and 1.25 ul DNA. The ther-
mocycling programme consisted of one cycle at 95 °C for
2 min, followed by 14 cycles at 95 °C for 15 s and 60 °C for
4 min. After the cycling programme, the reactions were
diluted 1:10 in Milli-Q ultrapure water. All pre-amplified
DNA samples were stored at — 20 °C until further use.
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Microfluidic real-time PCR assay

The study aimed to assess the presence of various bac-
teria, parasites, and ticks within a sample using high-
throughput microfluidic real-time PCR amplification.
The following organisms were investigated:

— Bacterial species (n=25): Mycoplasma haemofelis,
M. ovis, M. haemocanis, Candidatus Mycoplasma
haematoparvum, Borrelia miyamotoi, Anaplasma
marginale, A. platys, A. phagocytophilum, A. bovis,
Ehrlichia ewingii, E. chaffeensis, E. canis, Neoehrlichia
mikurensis, Rickettsia conorii, R. slovaca, R. massiliae,
R. helvetica, R. aeschlimannii, R. felis, R. rickettsii,
Bartonella henselae, Francisella tularensis, Franci-
sella-like endosymbionts, Coxiella-like endosymbi-
onts, and C. burnetii.

— Parasite species (n=10): Babesia microti, B. canis (3
subspecies), B. ovis, B. divergens, Babesia sp. EUL,
Hepatozoon canis, H. americanum, Cytauxzoon felis,
Rangelia vitalii, and Leishmania infantum.

— Bacterial genera (n=6): Bartonella, Borrelia, Ana-
plasma, Ehrlichia, Rickettsia, and Mycoplasma.

— DParasite taxa (n=4): Apicomplexa, Theileria, Hepato-
zoon, and Leishmania.

— Tick species (n=1): Rhipicephalus sanguineus s.1.

The assessment was conducted using 48.48 Dynamic
Array ' IFC chips (Standard Biotools, CA, United
States) in the BioMark " real-time PCR system (Standard
Biotools, San Francisco, CA, USA). Each chip allowed
the allocation of 48 PCR mixtures and 48 samples into
individual wells. The real-time PCR reactions were per-
formed in individual chambers using on-chip microflu-
idics assembly. The thermal cycling process generated a
total of 2304 individual reactions. The amplification pro-
cess utilized 6-carboxyfluorescein (FAM)- and black hole
quencher (BHQ1)-labelled TagMan probes with TagMan
Gene expression master mix, following the manufac-
turer’s instructions (Applied Biosystems, Courtaboeuf,
France). The thermocycling programme consisted of an
initial step of 2 min at 50 °C, followed by 10 min at 95 °C
and 40 cycles of two-step amplification: 15 s at 95 °C and
1 min at 60 °C. A negative water control was included for
each chip. To confirm the absence of PCR inhibitors in
the tested samples, Escherichia coli strain EDL933 DNA
was added to each sample as an internal inhibition con-
trol, using specific primers and a probe for the E. coli eae
gene. In addition, the amplification of R. sanguineus s.l.
DNA among tick samples validated the presence of the
tested tick species. Additional file 3: Table S1 contains
information about the target genes and primer sequences
used for amplification. The development of this new
high-performance tool, based on real-time microfluidic
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PCR, involved several crucial elements: sensitivity test-
ing, specificity evaluation, and implementation of essen-
tial controls. Grech-Angelini et al. [19] and Michelet et al.
[14] have provided detailed descriptions of these aspects
in their research.

Validation of microfluidic real-time PCR system results
Endpoint PCR assays

To validate the microfluidic real-time PCR results, a sub-
set of positive samples infected with specific TBPs under-
went additional conventional and nested PCR assays
using different species-specific primers from those used
in the BioMark " system. The cycling conditions and
primers for sequence analysis are listed in Additional
file 4: Table S2.

DNA sequencing analysis

The obtained amplicons were submitted for sequencing
at Eurofins MWG Operon (Ebersberg, Germany). The
resulting sequences were assembled using the BioEdit
software (Ibis Biosciences, Carlsbad, CA, USA). Subse-
quently, these sequences were analysed to identify the
targeted TBPs by conducting a search against the Gen-
Bank database using the Basic Local Alignment Sequence
Tool (BLASTn) search engine (http://blast.ncbi.nlm.
nih.gov/Blast.cgi) [20] provided by the National Center
for Biotechnology Information (NCBI, Bethesda, MD,
USA). Theoretical translation of nucleotide sequences
into amino acid sequences using the ExPASy translate
tool, available on the ExPASy molecular biology server
(http://www.expasy.org) [21], and the protein sequences
were aligned using the ClustalW, included in the pack-
age BioEdit v.7.0.0 (Ibis Biosciences, Carlsbad, CA, USA).
The nucleotide sequence data reported in the present
study are available in the GenBank, EMBL, and DDB]J
databases under the accession numbers OR198481,
OR198482, OR291146-OR291149, OR291153-
OR291156, OR291418-OR291420, OR291429-
OR291431, OR327454, OR327455.

Phylogenetic analysis

To determine the phylogenetic relationship of 185 rRNA
gene sequences obtained in this study, we performed
a BLAST analysis using the NCBI GenBank database
(https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 30
January 2023). Sequences from all continents showing the
highest identity to the sequenced samples were selected.
At least three sequences from each species were selected
for further analysis. The obtained sequences were aligned
using the Muscle algorithm in MEGA 11 software [22].
Phylograms were constructed using three different meth-
ods, including Maximum Parsimony (MP), Neighbour-
joining (NJ), and Maximum Likelihood (ML). Based on
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their similar topology, the ML method was selected for
the final analysis. The Tamura three-parameter model
(T92) was used to build the phylogenetic tree, with the
removal of unaligned positions (complete deletion),
which was determined to be the most suitable based on
the lowest Bayesian Information Criterion (BIC) and
Corrected Akaike Information Criterion (AICc). To
assess the reliability of internal branches, a bootstrapping
analysis with 1000 replicates was performed following
the methodology described by Tamura et al. [22].

Haemoparasite species co-occurrence analysis

To investigate the associations among different hae-
moparasite species based on binary presence-absence
data, we used Yule’s Q statistic [18]. Yule’s Q measure is
formulated for 2 X2 contingency tables and is mathemat-
ically defined as:

ad + bc

Yule,SQ = ﬁ
aa — bc

where a and d denote the counts of concordant pairs: sce-
narios in which both species are either present or absent.
Conversely, b and ¢ are the counts of discordant pairs,
signifying instances where one species is present while
the other is absent. To assess the robustness of these
associations, permutation tests were executed, involving
repeated randomization of the data set followed by recal-
culation of Yule’s Q values. This provided a mechanism
for deriving p-values, thereby quantifying the likelihood
that the observed associations occurred by chance.

The range of Yule’s Q values spans from — 1 to+ 1, with
-1 indicating a perfect negative association, + 1 signifying
a perfect positive association, and 0 suggesting no asso-
ciation. In the association matrix derived from Yule’s Q
calculations, each element represents the association
between respective pairs of parasite species. To improve
the precision of subsequent network analyses, a thresh-
old was applied: only associations with an absolute Yule’s
Q value > 0.3 and a p-value > 0.05 were considered.

The co-occurrence network was constructed using
the igraph package [23] in R, based on the association
matrix derived from Yule’s Q. The network was further
explored and visualized using Gephi [24], which was
also employed for the generation of the final figure. An
R script detailing the calculation of Yule’s Q and the con-
struction of the co-occurrence network is provided as
Additional material (Additional file 1: file S1).

Statistical analysis

All obtained data were compiled in Microsoft 365 Excel
software (Microsoft Corp., Redmond, WA). The observed
prevalence rates and 95% binomial confidence inter-
vals (CI) for each TBP infection and co-infection were
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determined from microfluidic real-time PCR amplifica-
tion results. Data analysis tools within Microsoft 365
Excel software (Microsoft Corp., Redmond, WA) were
employed for this purpose. Chi-square tests (x?) were
used to assess differences in TBP prevalence and co-
infection patterns observed between dogs and ticks.
Odds ratios (OR) and relative risk (RR), with correspond-
ing 95% Cls, were calculated to evaluate the likelihood
of each TBP occurrence among dogs and ticks. Pearson
correlation coefficient was used to measure linear corre-
lation of the simultaneous presence of each TBP in dogs
and ticks. All statistical analyses were performed with R
Statistical Software v4.1.2 [25] using sjstats package [26]
within the graphical interface R-studio. A clustered heat-
map was constructed in R using ggplot2 and heatmaply
packages [27, 28]. The heatmap figure was generated
based on the correlation matrix derived from Pearson
correlation coefficients, providing visual insights into
the relationships between TBPs present in both host and
vector species. An R script detailing the calculation of
Pearson correlation coefficients and the construction of
the clustered heatmap is provided as Additional material
(Additional file 2: file S2).

Results

Tick infestation and health status of dogs

Based on physical examinations, all the dogs were in
good health during sample collection, showing no clinical
abnormalities, evident health issues, or skin lesions. Fur-
thermore, their body temperatures were within the nor-
mal range, and they showed healthy hydration levels. A
total of 113 hard ticks were manually detached from the
sampled dogs and submitted to the laboratory for iden-
tification to species level. All collected tick specimens
were identified as R. sanguineus s.l., including 59 females
and 54 males, through both morphological and molecu-
lar analyses. No immature tick stages (i.e. larvae and
nymphs) were found among the collected tick specimens.
No co-infestation with other tick species was observed
on the sampled dogs, indicating a prevalence of R. san-
guineus s.l. tick species in the studied area.

Prevalence and diversity of tick-borne pathogen species

in dogs and ticks

The internal inhibition control, utilizing specific primers
and a probe targeting the eae gene to detect E. coli strain
EDL933 DNA, confirmed the absence of PCR inhibitors
in all examined canine blood and tick samples. Addi-
tionally, all DNA extraction and non-template controls
yielded PCR-negative results. Molecular analysis using
a high-throughput microfluidic real-time PCR system
revealed that 78.26% (36/46) of the examined dogs tested
positive for at least one pathogen. Single infections were
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observed in 34.78% (16/46) dogs, while co-infections
were present in 43.48% (20/46) dogs. A total of eight
pathogens were detected with different prevalence. Hepa-
tozoon canis was the most common pathogen detected in
dogs (43.48%, 20/46), followed by E. canis (39.13%, 18/46)
and A. platys (17.39%, 8/46), while Ehrlichia spp. (2.17%,
1/46) and R. amblyommatis (2.17%, 1/46) were found in
only one dog each (Table 1).

A high-throughput microfluidic real-time PCR sys-
tem for molecular diagnosis was employed to analyze 46
tick samples, each corresponding to an individual dog.
Among them, three tick samples failed to amplify the
housekeeping control markers, namely 16S rRNA and
ITS2 genes, used for tick genus and R. sanguineus s.l. spe-
cies-specific DNA detection, respectively. Consequently,
these three samples were excluded from further analy-
ses because of the absence of amplifiable DNA. Overall,
39.53% (17/43) of the examined ticks tested positive for
at least one pathogen. Single infections were observed in
30.23% (13/43) ticks, while co-infections were present in
9.30% (4/43) ticks. Five pathogens were detected with dif-
ferent prevalence. Hepatozoon canis was the most com-
mon pathogen detected in ticks (30.23%, 13/43), followed
by A. platys (9.30%, 4/43), and E. canis (4.65%, 2/43),
while Anaplasma spp. (2.33%, 1/43) and R. felis (2.33%,
1/43) were detected in only one tick each (Table 2). The
frequency of single and mixed infections of pathogens in
dogs and ticks is presented in Tables 1 and 2, respectively.
The statistical analyses showed a significant difference
in the overall prevalence of TBPs and their co-infection
patterns between dogs and ticks (X2=25.326, df=1,
p-value=0.0021).

The presence of Anaplasma spp., A. platys, E. canis,
and H. canis was identified in both dogs and ticks.
Other pathogens, such as B. vogeli, Ehrlichia spp., M.
haemocanis, and R. amblyommatis were only detected
in dogs, while R. felis was solely found in ticks. Over-
all, the simultaneous occurrence of pathogen infec-
tions (i.e. single and mixed infections) in dogs and
ticks revealed a statistically non-significant associa-
tion (x*=0.3682, df=1, p-value=0.544). In contrast,
when analyzing each pathogen individually, a signifi-
cant positive association was observed for the presence
of A. platys (x*=13.824, df=1, p-value<0.001) and H.
canis (x*=4.237, df=1, p-value=0.039) in both dogs
and ticks (Fig. 1). Notably, the presence of A. platys
revealed OR and RR values > 1, with OR=1.53 (95% CI
0.29-8.98) and RR=1.43 (95% CI 0.31-7.26), indicat-
ing a higher likelihood of occurrence in dogs compared
to ticks, while the presence of H. canis showed OR and
RR values < 1, with OR=0.39 (95% CI 0.12-1.45) and
RR=0.44 (95% CI 0.15-1.25), suggesting a lower likeli-
hood of occurrence in dogs compared to ticks.
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Co-infections and network interactions

between pathogens

Among infected dogs (36/46, 78.26%), a significant
number showed co-infections (19/36, 52.78%), consist-
ing of 26.08% (12/46) with two microorganisms and
17.39% (8/46) with three microorganisms. Notably, the
most prevalent co-infection pattern found was between
E. canis and H. canis, with a frequency of occurrence
of 13.04% (6/46). In contrast, among all infected ticks
(17/43, 41.46%), a smaller subset displayed co-infections
(4/43, 9.3%), characterized exclusively by simultaneous
infections involving two pathogen species. Specifically,

Table 1 Vector-borne pathogens detected in blood collected
from dogs using microfluidic PCR

Prevalence 95% CI®
rates (%)

Vector-borne pathogen(s) Total

Total infected dogs (=1 pathogen) 36 78.26 76.50-80.02
Hepatozoon canis 20 4348 41.37-45.59
Ehrlichia canis 18 3913 37.05-41.21
Anaplasma platys 8 17.39 15.78-19.00
Mycoplasma haemocanis 5 10.87 9.54-12.20
Babesia canis (3 subspecies) 5 10.87 9.54-12.20
Anaplasma spp. 4 8.69 7.49-9.89
Ehrlichia spp. 1 217 1.55-2.79
Rickettsia amblyommatis 1 217 1.55-2.79
Single infections 16 34.78 32.75-36.81
Ehrlichia canis 4 8.69 7.49-9.89
Hepatozoon canis 4 8.69 7.49-9,89
Anaplasma spp. 2 435 348-522
Anaplasma platys 2 435 348-522
Babesia canis (3 subspecies) 2 435 3.48-5.22
Ehrlichia spp. 1 217 1.55-2.79
Mycoplasma haemocanis 1 217 1.55-2.79
Mixed infections 20 4348 41.37-45.59
Mixed infection with two pathogens 11 23.91 22.09-25.73
E. canis+H. canis 6 13.04 11.61-14.47
M. haemocanis + H. canis 2 435 348-522
Anaplasma spp.+ R. amblyommatis 1 2.17 1.55-2.79
Anaplasma spp.+E. canis 1 217 1.55-2.79

A. platys+E. canis 1 217 1.55-2.79
Mixed infection with tree pathogens 8 17.39 15.78-19.00
A. platys+E. canis+H. canis 3 6.52 5.7-7.57

A. platys+H. canis+B. canis (3 subspe- 2 435 348-522
cies)

E. canis+ M. haemocanis + H. canis 2 4.35 348-522

E. canis+ H. canis + B. canis (3 subspe- 1 2.17 1.55-2.79
cies)

Non-detected 1 23.91 22.09-25.73
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only two co-infection patterns were observed, including
E. canis and H. canis, as well as A. platys and H. canis,
which both occurred with equal frequency (2/43, 4.65%).

There was non-significant difference (x*=23.412,
df=1, p-value=0.103) between the distribution of
co-infection patterns in dogs and ticks suggesting an
absence of associations between the co-infection pat-
terns and sample types. The co-infection pattern among
E. canis and H. canis was the only one observed in both
dogs (6/46, 13.04%) and ticks (2/43, 4.65%) (x*=11.917,
df=1, p-value=0.155). Particularly, this co-infection pat-
tern revealed OR and RR values > 1, with OR=3.32 (95%
CI10.76-16.78) and RR=3.00 (95% CI 0.74—12.57), which
indicate a higher likelihood of occurrence in dogs com-
pared to ticks.

In addition, the statistical analyses of associations
among haemoparasites revealed a complexity that is illus-
trated in the co-occurrence network (Fig. 2). A significant
node in this network was identified as H. canis, which
reflected significant positive association of this species
with several other taxa, notably with A. platys, B. vogeli,
E. canis, and M. haemocanis (p-values<0.05). Further
scrutiny of the network unveiled specific species as cen-
tral players in the co-occurrence dynamics, like H. canis
was engaged in several positive associations, hinting at a
potential facilitative role within the network. Other spe-
cies, such as R. felis and Ehrlichia spp., were only involved
in negative associations, portraying a potential inhibitory

Table 2 Tick-borne pathogens detected in ticks collected from
dogs using microfluidic PCR

Vector-borne pathogen(s) Total Prevalence rate (%) 95% CI°

Total infected ticks (> 1 17 39.53 37.31-41.76
pathogen)

Hepatozoon canis 13 30.23 28.14-32.33
Anaplasma platys 4 9.30 7.98-10.63
Ehrlichia canis 2 4.65 3.69-5.61
Anaplasma spp. 1 2.33 1.64-3.01
Rickettsia felis 1 2.33 1.64-3.01
Single infections 13 30.23 28.14-32.33
Hepatozoon canis 9 2093 19.08-22.78
Anaplasma platys 2 4.65 3.69-5.61
Rickettsia felis 1 233 1.64-3.01
Anaplasma spp. 1 233 1.64-3.01
Mixed infections 4 9.30 7.98-10.63
Mixed infection with two 4 9.30 7.98-10.63
pathogens

A. platys+ H. canis 2 465 3.69-5.61

E. canis+H. canis 2 4.65 3.69-5.61
Non-detected 24  55.81 53.55-58.08

Total prevalence values per category are in bold
9 95% confidence interval

Total prevalence values per category are in bold
9 95% confidence interval
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role in the network dynamics. Mycoplasma haemocanis,
with a similar degree of connectivity, manifested a mixed
role with both positive and negative associations, adding
a layer of complexity to the parasitic ecosystem dynamics.

The analysis also highlighted the strongest positive
association occurring between Anaplasma spp. and R.
amblyommatis, indicating a potential symbiotic relation-
ship with a weight of 1.0. Conversely, the pair of A. platys
and M. haemocanis demonstrated the strongest negative
association, with a weight of — 1.0, perhaps signalling a
competitive interaction between these species. Overall,
these intricate associations, substantiated by significant
p-values, paint a detailed picture of the haemoparasite
community dynamics, potentially revealing underlying
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mechanisms of symbiosis and competition that dictate
their interactions within the host ecosystem.

DNA sequencing and phylogenetic diversity of tick-borne
pathogens

DNA sequencing was conducted on PCR-positive dogs
and tick samples by conventional PCR assays target-
ing specific genes, including 16S rRNA gene for A.
platys, E. canis, and M. haemocanis; 18S rRNA gene for
H. canis and B. canis, and the outer membrane protein
gene (ompB) for Rickettsia spp. Among the examined
dogs, the BLASTn analysis confirmed the presence of
H. canis with 100% identity as a previously published
sequence from Brazil (KP233215), Pakistan (KU535868),
and Portugal (MZ475936). Similarly, the 18S rRNA gene

Anaplasma spp.

Ehrlichia canis

Dogs

Hepatozoon canis

Anaplasma platys

Ticks

Fig. 1 Heatmap illustrating the Pearson correlation coefficients between TBPs presence in dogs and ticks. The heatmap provides insights

into the relationships between TBPs detected simultaneously in both host and vector. Correlation values range from — 1 (strong negative
correlation) to 1 (strong positive correlation), with 0 indicating no correlation. Shades of green and red represent positive and negative correlations,
respectively, while colour intensity reflects the strength of the correlation. The legend on the left side of the heatmap indicates correlation values
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sequences obtained from B. canis (3 subspecies) PCR-
positive samples revealed 100% congruence with Babe-
sia vogeli (formerly B. canis vogeli) sequences previously
published from Brazil (KT333456), China (MN067707),
and Zambia (LC331058). Furthermore, the sequenc-
ing analysis confirmed the presence of A. platys, E.
canis, and M. haemocanis in canine blood samples,
with their respective sequences showing>99% identity
with previously published sequences from Saint Kitts
and Nevis (CP046391), Cuba (MK507008), and Mexico
(MN294708), respectively. The identification of R. ambly-
ommatis was also confirmed through sequencing, with
the obtained ompB gene fragment sequence showing
100% identity to known sequences from French Guiana
(MT009184).

In ticks, the sequences from A. platys and R. felis PCR-
positive samples showed 100% identity with sequences
previously deposited in the GenBank from Panama
(CP046391) and Sweden (GU182892), respectively.
Table 3 provides details of the nucleotide sequences
obtained from the genes of TBPs species detected in
domestic dog blood samples and R. sanguineus s.l. tick
species, including the highest percentages of identity
with reference strain sequences available in the GenBank
database. Unfortunately, sequencing analysis could not
be performed for some of the pathogens detected such
as Anaplasma spp. and Ehrlichia spp. because of low
cycle threshold (Cq) values of PCR-positive samples. To
further investigate the genetic relationships of B. vogeli,

Mycoplasm@haemocanis

Rickettsia felis

e

Co-occurrence Network of Haemoparasite Species. The network
visualizes significant associations between pairs of parasite species
based on Yule's Q statistic. Nodes represent individual parasite
species, while edges (connections) represent statistically significant
associations. Green edges indicate positive associations, whereas red
edges signify negative associations. Only associations with a Yule's

Q value > 0.3 and a p-value < 0.05 (from permutation tests) are
shown. The width of the edges corresponds to the strength

of the association
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a phylogenetic analysis was performed based on the 185
rRNA gene, including sequences from various members
of the genus Babesia. Interestingly, the novel B. vogeli
sequences from Cuba showed no major subclustering
in the phylogenetic tree (Fig. 3). Moreover, the phylo-
genetic tree displayed no apparent geographical or host
specificity clustering of the B. vogeli isolates, suggesting a
high level of conservation in the 185 rRNA genes among
canine isolates worldwide.

Discussion

To the best of the authors’ knowledge, the present study
represents the first comprehensive investigation to utilize
a high-throughput microfluidic real-time PCR system for
large-scale screening of TBPs in both dogs and ticks from
Cuba. Notably, we used co-occurrence network analy-
sis to study interactions between identified pathogens.
Overall, the DNA of TBPs such as bacteria and protozoan
belonging to six genera—Anaplasma, Babesia, Ehrlichia,
Hepatozoon, Mycoplasma, and Rickettsia—was identi-
fied in both the examined dogs and ticks. The dog sam-
ples revealed the presence of H. canis, E. canis, A. platys,
M. haemocanis, R. amblyommatis, and B. vogeli, whereas
in the tick samples, H. canis, A. platys, and R. felis were
detected.

First and foremost, our identification of a diverse range
of TBPs in both hosts underscores the complexity of the
interactions between these pathogens and their vectors
[29]. Previous studies conducted in the Caribbean region
have detected various TBPs in dogs, including A. platys,
B. vogeli, E. canis, H. canis, and M. haemocanis, for which
R. sanguineus s.1. tick species have been identified as the
main arthropod vector [30, 31]. The high prevalence of
H. canis, E. canis, and A. platys described in this study
is consistent with previous studies conducted in Cuba,
which raises concerns given they are well-known causa-
tive agents of canine TBDs, and suggests the ongoing risk
these pathogens pose to the canine population [9, 10].
Moreover, the presence of E. canis and A. platys high-
lights the necessity of vigilance and awareness among
dog owners concerning the risks of TBP infection to their
pets and the potential zoonotic transmission to humans
[32].

The co-occurrence network analysis undertaken in this
study has unveiled a new dimension to our understand-
ing of the intricate relationships between these patho-
gens. The significant positive and negative associations
observed between various pairs of pathogens suggest a
complex web of interactions that might be facilitating or
inhibiting their coexistence within the host organisms.
Particularly, H. canis emerged as a focal point in this web,
establishing a series of significant associations with other
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Table 3 Sequencing analyses of the gene fragments amplified for TBPs species detected in blood samples and Rhipicephalus
sanguineus s.l. tick species collected from domestic dogs (Canis lupus familiaris) in Cuba

TBPs species Host species Target gene Query cover (%) Identity (%) GenBank Accession numbers ?
Babesia vogeli Canis lupus familiaris 185 rRNA 99 100 MNO067709 OR198481
Babesia vogeli Canis lupus familiaris 78S rRNA 100 100 MNO067707 OR198482
Anaplasma platys Canis lupus familiaris 165 rRNA 100 99.82 CP046391 OR291146
Anaplasma platys Canis lupus familiaris 165 rRNA 100 100 MN630836 OR291147
Anaplasma platys Canis lupus familiaris 165 rRNA 100 100 MN630836 OR291148
Anaplasma platys Rhipicephalus sanguineus 165 rRNA 99 100 MN630836 OR291149
Ehrlichia canis Canis lupus familiaris 165 rRNA 100 100 MK507008 OR291153
Ehrlichia canis Canis lupus familiaris 165 rRNA 99 99.82 MK507008 OR291154
Ehrlichia canis Canis lupus familiaris 165 rRNA 99 99.66 MK507008 OR291155
Ehrlichia canis Canis lupus familiaris 165 rRNA 100 100 MK507008 OR291156
Hepatozoon canis Canis lupus familiaris 185 rRNA 100 100 KU535868 OR291418
Hepatozoon canis Canis lupus familiaris 185 rRNA 100 100 LC331053 OR291419
Hepatozoon canis Canis lupus familiaris 185 rRNA 100 100 MT433125 OR291420
Mycoplasma haemocanis Canis lupus familiaris 165 rRNA 100 98.98 MK230032 OR291429
Mycoplasma haemocanis Canis lupus familiaris 165 rRNA 99 98.12 MK239932 OR291430
Mycoplasma haemocanis Canis lupus familiaris 165 rRNA 100 98.84 MK239932 OR291431
Rickettsia amblyommatis Canis lupus familiaris ompB 100 100 MT009184 OR327454
Rickettsia felis Rhipicephalus sanguineus ompB 100 99.26 ONO053303 OR327455

The table presents the highest percentages of identity with reference strain sequences available in the GenBank database

@ Accession numbers of sequences submitted in this study

pathogens, indicating its pivotal role in the co-infection
dynamics [33]. This finding hints at a potentially higher
adaptability of H. canis in establishing infections in con-
junction with a variety of other pathogens, thereby pos-
sibly influencing the infection patterns observed in this
study [34]. Understanding these associations further
could be vital in developing targeted interventions to
manage these co-infections effectively [35, 36].

The detection of R. felis in a tick sample highlights the
potential role of R. sanguineus s.1. as a vector of a spot-
ted fever group (SFG) rickettsia within Cuba. This find-
ing is consistent with previous studies worldwide that
have reported the presence of R. felis in dogs, R. san-
guineus s.l. ticks collected from dogs, and humans [29].
In Cuba, R. felis has been described in both stray and
shelter dogs [9], as well as in Dermacentor nitens tick
species collected from horses [37]. The diverse clinical
manifestations attributed to R. felis infection in humans
and animals emphasize the significance of monitoring its
presence within tick populations [38]. Additionally, it is
noteworthy that the R. felis strain detected in the present
study shared 100% identity with a strain detected in Swe-
den associated with subacute meningitis in humans [37].
Nevertheless, further research is warranted to fully eluci-
date the role of R. sanguineus s.l. as a competent vector of
R. felis among dog populations in Cuba.

While the presence of B. vogeli has been previously
reported in R. sanguineus s.l. ticks from Cuba by Nav-
arrete and Cordeiro [13], this study represents the first
molecular report of B. vogeli infections in domestic dogs
from Cuba. The phylogenetic analysis conducted for
B. vogeli aimed to determine the relationship between
the obtained sequences herein and those from different
geographic regions worldwide. This analysis revealed
that the examined sequences clustered alongside other
B. vogeli 185 rRNA gene sequences reported from Asia,
Africa, and South America. The lack of major subcluster-
ing of B. vogeli sequences observed in the phylogenetic
tree suggests a high degree of genetic conservation of the
18S rRNA gene among B. vogeli isolates across different
geographical regions and host populations. This level of
genetic conservation indicates the stability of this patho-
gen and its potential to adapt to a wide range of hosts and
vectors [39]. Further investigation into the genetic mech-
anisms behind this genetic conservation could provide
key aspects of the evolutionary and ecological dynamics
of B. vogeli.

The significant differences in prevalence and co-infec-
tion patterns between dogs and ticks are indicative of
distinct host—pathogen interactions. While this study
does not provide a comprehensive explanation for these
differences, they could be influenced by factors such as
host immune responses, vector feeding behaviours, and
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OR198481; Canis lupus familiaris, Cuba
OR198482; Canis lupus familiaris, Cuba
100 |MNO67707; Felis silvestris catus,China

89

86

—

0.02

FJ209025; Canis lupus familiaris, Croatia
MWO39359; Canis lupus familiaris, Romania
MT821480; Canis lupus familiaris, Portugal
EU622793; Canis lupus familiaris, Poland
KU204792; Ixodes persulcatus, China
KM28915; Ixodes ricinus, Spain
KX008038; Ixodida, China
ss |MF357057; Ixodes scapularis, Canada
51 AY046577; Ixodida, USA
MH899097; Ixodes scapularis, Canada
51 — MK256977; Homo sapiens, China
MG344764, Cervus elaphus, Czechia
¥ { LC477141; Bos taurus, Irland
MKS510929; Homo sapiens, Russia
| AF176835; Canis lupus familiaris, USA
100 | EU289222; Canis lupus familiaris, Taiwan

Babesia vogeli

MG586235; Canis lupus familiaris, China
KY290979; Canis lupus familiaris, Argentina
MK645941; Canis lupus familiaris, Algeria

KF499115; Canis lupus familiaris, Turkey

Babesia canis

Babesia venatorum

Babesia odocoilei

Babesia divergens

Outgroup
Hepatozoon canis

Fig. 3 Phylogenetic tree of selected representatives of Babesia sp. inferred from 18S rRNA. The evolutionary history was inferred by using

the maximum likelihood method and the Tamura 3-parameter model. The analysis contains Babesia vogeli 185 rRNA sequences identified

in the current study (bold and marked red dots) and GenBank sequences. Accession numbers of sequences, host species, and country of origin are
displayed. Bootstrap values are represented as per cent of internal branches (1000 replicates); values < 50 are hidden. The tree is drawn to scale,
with branch lengths measured in the number of substitutions per site. This analysis involved 23 nucleotide sequences. There were a total of 410
positions in the final dataset. Sequences AF176835 and EU289222 were used as outgroup

ecological variations [40]. Additionally, the co-occur-
rence network analysis sheds light on the possible syn-
ergistic or antagonistic interactions occurring between
different pathogens within the same hosts [41]. This
analysis showcases an intricate web of inter-species asso-
ciations, which suggests that certain pathogens might
interact within hosts or vectors, with potential implica-
tions for disease progression and transmission dynam-
ics [42]. Notably, the positive association between
Anaplasma spp. and R. amblyommatis may signal a sym-
biotic relationship, facilitating their co-existence within
the hosts [43]; however, given the limited number of
positive samples for R. amblyommatis (only one sample)
in our study, it is essential to approach the potential asso-
ciation with Anaplasma spp. with caution. In contrast,

the negative association observed between A. platys and
M. haemocanis might indicate a competitive interaction,
potentially influencing their prevalence in the host popu-
lations [44]. These findings underscore the necessity for
a deeper exploration into the mechanisms driving these
interactions, which might hold the key to understanding
the broader dynamics of TBDs in the region [45].

The findings described above are particularly interest-
ing because of the potential public health implications
of co-infections, since simultaneous infections with dif-
ferent TBPs are commonly reported in both humans
and companion animals worldwide [46]. The presence
of multiple pathogens within a single tick or vertebrate
host is common, yet our understanding of their inter-
actions remains limited [41]. The occurrence of TBP
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co-infections underscores the complex nature of TBDs
and highlights several significant implications for disease
dynamics, clinical outcomes, and transmission patterns
[47]. These co-infections can substantially challenge diag-
nostic approaches. For instance, conventional molecular
diagnostic assays like end-point PCR often target a sin-
gle pathogen, which might lead to underestimation of
co-infection rates [48]. In this context, the utilization of
a microfluidic real-time PCR system for the diagnosis
of TBPs in the present study is particularly noteworthy.
The use of this innovative approach in large-scale epide-
miological studies of TBPs has enabled rapid, sensitive,
specific, and simultaneous detection of a wide array of
pathogens, providing a more comprehensive assessment
of pathogens species diversity and co-infection patterns
[49].

The presence of multiple TBPs can elicit complex
immune responses within the host, leading to different
types of adaptive immune mechanisms in hosts such as
antibody production and cytotoxic and/or T helper cell
responses [50]. These immune effectors contribute to the
immune responses of the host, particularly in the later
stages, providing long-lasting protection. Tick-borne
pathogen co-infections can interact with each other and
the tick’s microbiome, affecting the fitness, virulence,
infectivity, and transmission of individual pathogens [40].
In addition, the presence of multiple TBPs can modulate
immune system activation, which could either enhance
or suppress the host’s ability to clear infections, conse-
quently influencing the outcome of infection and disease
progression [51]. These co-infections can lead to more
severe clinical presentations, atypical symptoms, pro-
longed disease duration, and thus complicate diagnosis
and therapeutic treatment strategies. The occurrence of
mixed TBP infections can potentially result in synergistic
interactions, exacerbating disease symptoms and poten-
tially leading to more severe outcomes [40]. Therefore,
clinicians should consider the possibility of co-infections
when diagnosing TBDs, as treatment strategies may need
to be adjusted accordingly [52].

Conclusions

This study provides valuable insights into the prevalence,
diversity, and co-infection patterns of TBPs in dogs and
ticks from Cuba. The findings highlight the high preva-
lence of TBPs in the region, with R. sanguineus s.l. identi-
fied as the primary vector for transmitting various TBDs.
The study emphasizes the importance of tick surveillance
and raises awareness among dog owners about the risks
associated with TBDs, particularly in areas where R. san-
guineus sl. is prevalent. The use of microfluidic-based
high-throughput real-time PCR systems enabled rapid
and sensitive detection of TBPs, facilitating large-scale
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epidemiological investigations. Molecular confirmation
of specific pathogens through DNA sequencing and phy-
logenetic analysis provided valuable insights into their
identity and relatedness. The co-infections and network
interactions observed in both dogs and ticks highlight
the complexity of TBPs ecology and the need for com-
prehensive diagnostic and management strategies. These
findings contribute to our understanding of the intri-
cate relationships between TBPs and their hosts. This
research not only advances our comprehension of the
complex ecological dynamics within ticks but also offers
a profound understanding of the potential implications
for public health and animal welfare in Cuba.
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