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Luciana Morita Katiki b , Anibal Eugênio Vercesi Filho b , Ana Gonçalves Domingos c,  
Rodrigo Giglioti a,b,*

a Universidade Estadual Paulista Júlio de Mesquita Filho, Jaboticabal, São Paulo, Brazil
b Instituto de Zootecnia, Nova Odessa, São Paulo, Brazil
c Instituto de Higiene e Medicina Tropical, Universidade Nova de Lisboa, Lisbon, Portugal

A R T I C L E  I N F O

Keywords:
Chemokines
TLRs
Tick fever
Immune modulation
Gene expression

A B S T R A C T

Cattle tick fever, caused by the protozoa Babesia bovis and B. bigemina and the rickettsial bacterium Anaplasma 
marginale, represents a significant constraint to livestock productivity worldwide. Taurine cattle are considered 
more susceptible to these hemoparasites than zebuine breeds. Chemokines and Toll-like Receptors (TLRs) play 
key roles in immune processes such as chemotaxis and inflammation, primarily through interactions with 
respective receptors. This study assessed the relationship between the expression of four chemokine-related 
genes (ccr3, cxcl12, cxcl8, and cxcr1) and one TLR (tlr10) with the infection levels of B. bovis, B. bigemina, and 
A. marginale in 24 naturally infected calves from two genetic groups (Angus [n = 13; 100% taurine] and 
Ultrablack [n = 11; 82% Angus, 18% zebuine]). Blood samples were collected every 30 days over six time points 
(Nov 2021–Apr 2022). DNA was used to quantify hemoparasite loads by qPCR (log DNA copy number, CNlog), 
while RNA was used for RT-qPCR-based gene expression analysis. A mixed model was used to assess associations 
between gene expression and infection levels, controlling for evaluation, sex, genetic group, and their in
teractions. All genes, except cxcl12, showed significant associations with at least one hemoparasite. Higher 
B. bovis and B. bigemina CNlog values were linked to reduced expression of most genes, whereas A. marginale 
infection was associated with increased gene expression. These findings highlight distinct immune modulation 
strategies by hemoparasites and underscore the need for species-specific interventions. Further studies are 
required to explore the mechanisms by which these mediators influence susceptibility or resistance in cattle.

1. Introduction

Cattle tick fever is a disease complex involving infections by the 
protozoa Babesia bovis and/or B. bigemina, as well as the rickettsial 
bacterium Anaplasma marginale (Guglielmone and Robbins, 2023). In 
Brazil, the tick Rhipicephalus microplus is the primary vector of bovine 
babesiosis and anaplasmosis. Tick fever is considered one of the most 
significant parasitic diseases affecting cattle, causing substantial eco
nomic losses in the Brazilian livestock industry. According to Grisi et al. 
(2014), parasitic infestations in cattle result in annual economic losses of 
approximately US$13.96 billion in Brazil, with R. microplus alone 
responsible for about US$3.24 billion.

These infections may occur asynchronously or manifest simulta
neously in the same animal. Babesiosis parasitizes erythrocytes, causing 
intravascular hemolytic anemia, which is the primary clinical sign (Bock 
et al., 2004). In contrast, anaplasmosis leads to anemia and extensive 
hemolysis (Kocan et al., 2010; Tucker et al., 2016). The economic im
pacts of babesiosis and bovine anaplasmosis extend beyond mortality 
and include morbidity, abortions, reduced meat and milk production, 
increased veterinary costs, and restrictions on international trade of 
cattle products (Kocan et al., 2003; Bock et al., 2004). Both diseases have 
high morbidity and mortality rates, particularly in areas of enzootic 
instability (McCosker, 1981).

Zebu breeds are widely used in tropical regions due to their greater 
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resistance to ticks and tick-borne diseases. Crossbreeding taurine and 
zebu breeds is a strategy aimed at increasing productivity and has 
attracted interest among Brazilian producers seeking to improve herd 
efficiency (Ibelli et al., 2012). However, productivity gains from the 
introduction of taurine breeds and their crosses into beef cattle systems 
are often limited by losses caused by hemoparasite infections and tick 
infestations (Oliveira et al., 2013). It has been observed that Zebu cattle 
(Bos taurus indicus) show greater resistance to B. bovis, B. bigemina, and 
A. marginale infections than European cattle (Bos taurus) (Parker et al., 
1990; Bock et al., 1997).

Chemokines are small molecules initially described as chemotactic 
cytokines (Luster, 1998), playing a fundamental role in both innate and 
adaptive immunity. These proteins regulate the activation and recruit
ment of leukocytes and other cell types, guiding their migration during 
inflammation and under basal conditions (Bachelerie et al., 2014; Fox
man et al., 1997; Mantovani et al., 2001; Russo et al., 2014). Severe 
babesiosis is also considered an immune-mediated disease, character
ized by an excessive inflammatory response, particularly the over
production of pro-inflammatory cytokines and chemokines.

Pro-inflammatory cytokines and chemokines — particularly tumor 
necrosis factor-alpha (TNF-α), interferon-gamma (IFN-γ), monocyte 
chemoattractant protein-1 (MCP-1, also known as CCL2), keratinocyte- 
derived chemokine (KC, or CXCL1), interferon gamma-induced protein 
10 (IP-10, or CXCL10), interleukin-6 (IL-6), IL-8 (CXCL8), IL-12, IL-18, 
granulocyte-macrophage colony-stimulating factor (GM-CSF, or CSF-2), 
and high-mobility group box 1 protein (HMGB-1) — play roles in the 
development of these complications (Zygner et al., 2023).

Galán et al. (2018) evaluated immune response mediators in dogs 
infected with Babesia canis and found negative correlations between IL-8 
and packed cell volume, suggesting that increased IL-8 concentrations 
occur in parallel with hemolysis. In a five-year follow-up of a human 
patient infected with Babesia venatorum, Zhao et al. (2020) observed that 
serum cytokine and chemokine concentrations correlated with symptom 
severity. Additionally, transcriptome analysis and extensive protein 
profiling revealed previously unreported cytokines involved in the 
course of babesiosis, including IL-13, IL-15, IL-17A, CCL2, CCL5, CCL20, 
CXCL1, CXCL8, CXCL2, CXCL3, and GM-CSF.

Genes encoding Toll-like receptors (TLRs) play a crucial role in the 
innate immune response, recognizing pathogen-associated molecular 
patterns (PAMPs) and activate downstream immune signaling (Takeda 
et al., 2003). TLRs are found in a wide range of organisms (Akira et al., 
2006) and function as cell surface signaling molecules essential for 
initiating defense against infections. TLR10 is expressed in organs such 
as the lymph nodes, spleen, thymus, and lungs, and in immune cells 
including macrophages and neutrophils (Chuang and Ulevitch, 2001). 
The mRNA of tlr10 is detectable during early B cell development, with 
translation occurring mainly during differentiation (Bourke et al., 
2003).

Therefore, investigating the expression of genes related to immune 
activation and inflammation, such as chemokines and TLRs, may help 
identify genetic markers associated with resistance to babesiosis and 
anaplasmosis in cattle.

2. Materials and methods

2.1 Experimental animals and blood collections

One hundred RNA samples were obtained from 24 calves. The calves 
originated from the municipality of José Bonifácio (São Paulo, Brazil; 
coordinates 21◦2′23″S, 49◦41′28″W) and belonged to two breeds: Angus 
(n = 13; 10 females and 3 males) and Ultrablack (n = 11; 5 females and 6 
males). At the beginning of the experiment, the average ages of the 
calves from the Angus and Ultrablack genetic groups were 2.8 ± 1.6 
months and 2.1 ± 1.3 months, respectively. For the Angus group, ages 
ranged from 13 to 150 days, while for the Ultrablack group, ages ranged 
from 13 to 137 days. According to breeder records, the Ultrablack breed 

was produced by crossing Brangus cattle (3/8 Zebu and 5/8 Angus), 
resulting in a zebuine genetic composition of approximately 18%, which 
corresponds to half the zebuine proportion present in the Brangus parent 
breed. Six sampling events were conducted at average intervals of 30 
days between 10 November 2021 and 19 April 2022 (1st to 6th: 24-Nov- 
21, 21-Dec-21, 19-Jan-22, 15-Feb-22, 16-Mar-22, 19-Apr-22). This 
resulted in a total of 100 observations, considering that each animal was 
present in at least three evaluations. Some evaluations did not allow for 
the collection of samples suitable for obtaining RNA of acceptable 
integrity.

Previous studies have shown that the region under study is endemic 
for R. microplus infestations, which also favors the occurrence of babe
siosis and anaplasmosis (Giglioti et al., 2016; Frabetti et al., 2023; 
Azevedo et al., 2024). During the experimental period, the animals were 
constantly exposed to natural infestation by the tick vector R. microplus. 
At all evaluations, the animals had a tick infestation score ≥ 1 (mean of 
1.82 ± 0.19, corresponding to approximately 60 ticks) (Frabetti et al., 
2023). The calves were kept in rotated paddocks comprising coast-cross 
grass (Cynodon dactylon (L.) Pers). Tick controls were performed every 
21 days by applying of fipronil pour-on (Topline®). Hemoparasite 
controls were performed when animals showed clinical signs. 
Throughout the study, all animals were closely monitored and showed 
no clinical signs of other diseases.

Blood samples from each animal at each evaluation were collected 
using vacuum tubes with EDTA anticoagulant and submitted for RNA 
and DNA extraction.

2.2 DNA extraction and qPCR

Blood samples containing EDTA were processed for DNA extraction 
using the Wizard® Genomic DNA Purification Kit, following the man
ufacturer’s protocol for isolating genomic DNA from 300 µL of whole 
blood (Promega®, Madison, USA). The purity and concentration of the 
extracted DNA were assessed using a BioDrop spectrophotometer (Bio
Drop uLITE, Biochrom Ltd., UK). The DNA was then diluted in TE buffer 
(Tris-EDTA, pH 7.8) to a concentration of 20 ng/µL and stored at − 20 ◦C 
until further analysis.

Absolute quantification of copy numbers of B. bovis (CNlog
bo ) and 

B. bigemina (CNlog
bi ) was performed by quantitative PCR (qPCR) as 

described by Okino et al. (2018), using primers and probes targeting the 
mitochondrial cytochrome b (mt-cyB) gene, generating 98 bp amplicons. 
qPCR assays for quantifying A. marginale (CNlog

an ) infection levels were 
performed according to Giglioti et al. (2019), using primers and probes 
targeting a 119-nucleotide fragment of the major surface protein 1b 
(msp1b) gene.

The PCR assays were carried out using the CFX™ Real-Time PCR 
Detection System (Bio-Rad, CA, USA), with a total reaction volume of 10 
µL. Each reaction contained 2 µL of 5 × HOT FIREPol Probe Universal 
qPCR Mix (Solis BioDyne, Tartu, Estonia), 0.5 µL of each primer (10 µM), 
0.5 µL of probe (2.5 µM), 4.0 µL of nuclease-free water, and 2.0 µL of 
DNA template. The thermal cycling protocol included an initial step of 
10 min at 95 ◦C, followed by 40 cycles of denaturation at 95 ◦C for 15 s 
and annealing/extension at 60 ◦C for 1 min. All samples were analyzed 
in duplicate, alongside positive and negative controls. For each hemo
parasite, a calibration curve was generated using synthetic gBlocks® 
gene fragments (IDT, IA, USA). These gBlocks® fragments, representing 
the target sequences of B. bovis, B. bigemina and A. marginale, were 
serially diluted 10-fold to establish the standard curve.

2.3 RNA extraction and cDNA synthesis

RNA was extracted from whole blood samples from each animal 
following the methodology described by Giglioti et al. (2022). The 
extraction was performed within 24 h after blood collection. RNA con
centration and purity were measured using a BioDrop spectrophotom
eter (BioDrop). RNA integrity was assessed by electrophoresis on a 1.5% 
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agarose gel. The RNA samples were then treated with RQ1 RNase-Free 
DNase (Promega) following the manufacturer’s instructions. cDNA 
synthesis was performed using the High-Capacity cDNA Reverse Tran
scription Kit with RNase inhibitor (Applied Biosystems, CA, USA), 
following the manufacturer’s protocol and using Oligo(dT) primers 
(IDT). To ensure the reliability of the qPCR results, RNA integrity was 
confirmed by gel electrophoresis (Supplementary Information 1).

2.4 Relative gene expression

Primers for the target genes were designed using PrimerQuest soft
ware (IDT). Their specificity and quality were evaluated using Net
Primer, OligoAnalyzer (IDT), NCBI BLAST, and Primer-BLAST. Details of 
the primer sets for the target genes are provided in Table 1. RT-qPCR 
reactions were performed using a CFX96 system (Bio-Rad) in a final 
volume of 10 µL, containing 2 µL of 5 × HOT FIREPol EvaGreen qPCR 
Mix Plus (Solis Biodyne), 0.3 µL (10 µM) of each primer, 2.4 µL of ul
trapure water (Sigma-Aldrich), and 2 µL of cDNA (approximately 50 ng). 
One initial cycle of enzymatic activation at 95 ◦C for 12 min was fol
lowed by 35 cycles of denaturation at 95 ◦C for 15 s, annealing at 63 ◦C 
for 30 s, and extension at 72 ◦C for 30 s. After amplification, melting 
curve analysis was performed by increasing the temperature from 60 ◦C 
to 95 ◦C in 0.5 ◦C increments, with a 5-second hold at each step.

The reference genes used for normalization were those previously 
described by Giglioti et al. (2022): beta-actin (actb), 
beta-2-microglobulin (b2m), glyceraldehyde 3-phosphate dehydroge
nase (gapdh), peptidylprolyl isomerase A (ppia), and tyrosine 3-monoox
ygenase/tryptophan 5-monooxygenase activation protein zeta (ywhaz). 
The algorithms used to identify the most stable genes were geNorm 
(Vandesompele et al., 2002), NormFinder (Andersen et al., 2004), and 
BestKeeper (Pfaffl et al., 2004). Additionally, a final ranking of the most 
stable genes was obtained using the RankAggregated tool, which applies 
a Monte Carlo cross-entropy algorithm (Pihur et al., 2007).

Relative gene expression was calculated using the 2− ΔΔCt method 
(Livak and Schmittgen, 2001). The b2m and ppia genes were identified as 
the most stable and were used to normalize the quantification cycle (Cq) 
values (Supplementary Information 2). The Cq values were normalized 
using the geometric mean of ppia and b2m, and fold changes in gene 
expression were calculated using the 2− ΔΔCt method. Fold change values 
for each target gene, along with DNA copy number (CNlog), were used as 
covariates in the mixed model regression. Melting peaks were examined 
to assess amplification specificity, confirming the presence of a single 
product for each reaction (Supplementary Information 3).

2.5 Statistical analyses

Statistical analyses were conducted using SAS PROC MIXED in SAS 
9.4 (SAS Institute Inc., Cary, NC, USA), employing the Restricted 
Maximum Likelihood (REML) method to estimate variance components. 

Prior to the main analyses, all evaluated variables were pre-corrected for 
the animal’s age effect at each evaluation, using a model that included 
the fixed effects of genetic group and sex. For each analysis, a dependent 
variable (fold change values – ccr3, cxcl12, cxcl8, cxcr1, or tlr10 genes) 
was used in the model. This model included fixed effects for the factors: 
evaluation, sex, and genetic group, as well as the interactions between 
sex and genetic group and between genetic group and evaluation. The 
covariates CNlog

bi , CNlog
bo , and CNlog

an were included in the model with 
regression coefficients that quantified their influence on the response 
variable (expression of each target gene). The animal effect was included 
as a random factor, and repeated measures from the same animal were 
used. The assumed covariance matrix model was a first-order autore
gressive (AR(1)) structure. The significance of effects was assessed using 
the F-test (α = 0.05). The model equation is described below: 

Yijklm = μ + Ai + Bj + Ck + B.Cjk + C.Aki + β1D1 + β2Em + Gp + eijklm 

where:
Yijklm dependent variable (target genes - ccr3 cxcl12 cxcl8 cxcr1, or 

tlr10)
μ mean
Ai Fixed effect of evaluation
Bj Fixed effect of sex
Ck Fixed effect of genetic group
B.Cjk Fixed interaction effect between sex and genetic group
C.Aki Interaction between genetic group and evaluation
β1Dl Effect of the CNlog

bi covariate
β2Em Effect of the CNlog

bo covariate
β3Fn Effect of the CNlog

an covariate
Gp~N(0,σG

2) Random effect of the animal
eijklm~N(0,σ2) Residual error.

3. Results

The mean values of untransformed DNA copy numbers (copies/µL), 
followed by the frequencies of positives for infections with B. bovis, B. 
bigemina, and A. marginale, were 35.0 (log = 1.54; 88.0%, n = 88), 791.0 
(log = 2.90; 98.0%, n = 98), and 20,326 (log = 4.33; 100%, n = 100), 
respectively (Supplementary Information 4).

Data analysis revealed no significant effects (p > 0.05) of the studied 
genes regarding genetic group, sex, or their interactions. Only the 
evaluation effect was significant (p < 0.05). Furthermore, gene expres
sion levels varied across the six evaluations, corresponding to fluctua
tions in the DNA copy number of hemoparasites (Fig. 1).

Except for cxcl12, all genes showed significant associations (positive 
or negative) with at least two hemoparasite species (Table 2). This as
sociation indicates that for each unit increase in CNlog, there is a 
decrease (when negative) or an increase (when positive) in the esti
mated gene expression value. For example, the estimated value for the 
relationship between ccr3 and CNlog

big shows that, for each unit of CNlog
big, 

there is a decrease of 0.43 in ccr3 gene expression (Table 2). Similarly, 
the positive estimated value between tlr10 and CNlog

ana shows that, for 
each unit of CNlog

ana, there is an increase of 0.60 in tlr10 gene expression 
(Table 2).

All estimated values for each target gene associated with the CNlog of 
each hemoparasite species are shown in Fig. 1. It was observed that for 
all significant CNlog values of B. bovis and B. bigemina, gene expression 
decreased, whereas for A. marginale, the relationship was inverse 
(Fig. 1).

4. Discussion

The results of this study demonstrate distinct patterns of gene 
expression in response to different hemoparasite infections in cattle. The 
observed downregulation of chemokine genes (ccr3, cxcl8, and cxcr1) 
during Babesia bovis and B. bigemina infections suggests a potential 
mechanism of immune modulation or suppression by these protozoan 

Table 1 
Sequences of oligonucleotides used in the RT-qPCR assays. Primer sequences 
(forward [F] and reverse [R]) for amplifying target genes, along with their 
corresponding GenBank accession IDs, gene symbols, amplicon sizes (base pairs, 
bp), and 5′→3′ nucleotide sequences.

GenBank ID Gene Sequence 5′ - 3′ Size (pb)

GU936961.1 ccr3 F: CCAACATCTACCTGCTCAAC 92
R: CCACTCGTTCCACCTAACA

NM_001113174.1 cxcl12 F: GCCGATTCTTTGAGAGCCA 119
R: GCACACTTGCCTATTGTTGTTC

KX013247.1 cxcl8 F: GCTGGCTGTTGCTCTCTT 125
R: GGTGGAAAGGTGTGGAATGT

JQ410019.1 cxcr1 F: GCTGTTCTGCTACGGATTCA 95
R: CGAGCACGACAGCAAAGAT

AM086210.1 tlr10 F: GCCCAAGGATAGGCGTAAAT 134
R: CAGAACCTCCAAACCCTTCAT
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parasites. This finding aligns with previous reports that Babesia species 
interfere with host immune responses to establish persistent infections. 
Goff et al. (1998) provided evidence that B. bovis infection induces the 
production of interleukin-10 (IL-10), which can downregulate the 
expression of pro-inflammatory cytokines and nitric oxide, thereby 
aiding parasite persistence. According to Brown et al. (2006), B. bovis 
typically induces severe, potentially lethal infections in mature cattle. 
Following recovery, animals develop persistent infections without 
clinical signs. These persistently infected cattle acquire resistance to 
subsequent infections by similar parasite strains, a phenomenon known 
as concomitant immunity.

This immunosuppressive profile is further supported by the func
tional roles of the downregulated chemokines. The receptor CXCR1 (also 
known as IL-8RA, IL-8R-I, or IL-8R) interacts with chemokines such as 
CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, and CXCL8, and is expressed in 
polymorphonuclear granulocytes, monocytes, astrocytes, endothelial 
cells, and mast cells. Meanwhile, the CCR3 receptor (also known as 
CKR3, CC CKR3, EotR, or CMKBR3) binds to CCL5, CCL7, CCL8, CCL11, 

CCL13, CCL14, CCL15, CCL24, and CCL26, acting on eosinophils, ba
sophils, T cells (Th2 > Th1), dendritic cells, platelets, and mast cells. 
Additionally, CXCL8 (IL-8/NAP-1), an inflammatory chemokine, pri
marily induces chemotaxis in neutrophils, but also in T cells, basophils, 
and endothelial cells (Le et al., 2004; Palomino and Marti, 2015). The 
suppression of these pathways during Babesia infection may therefore 
reflect a parasite strategy to dampen inflammatory and adaptive im
mune responses, facilitating chronicity.

The negative correlation between parasite load and chemokine 
expression suggests an evolutionary adaptation of parasites to evade 
host defenses through the suppression of inflammatory responses. In 
contrast, the positive correlation between A. marginale infection levels 
and the upregulation of ccr3 and tlr10 suggests a distinct immune 
strategy against this rickettsial pathogen. Elevated expression of ccr3, 
which, as previously mentioned, interacts with chemokines and play 
crucial roles in immune signaling, could enhance chemokine production 
and the recruitment of immune cells. This response may be directly 
influenced by the increasing parasitic burden of A. marginale. The 

Fig. 1. Relationship between DNA copy number (CNlog, copies/μL) and estimated gene expression (fold change) levels. Bars represent the regression estimates 
(solution for fixed effects) for the genes ccr3, cxcl8, cxcr1, and tlr10 across six evaluations. The genes ccr3, cxcl8, and cxcr1 are chemokines, while tlr10 is a Toll-like 
receptor. Panels A, D, F, and H show CNlog for B. bigemina; panels B, E, and G show CNlog for B. bovis; and panels C and I show CNlog for A. marginale. Arrows 
indicate the relationship between CNlog and gene expression: arrows in opposite directions (cyan and beige bars) suggest an inverse relationship (i.e., increased 
CNlog associated with decreased gene expression), while arrows in the same direction (beige bars) indicate a positive relationship (i.e., both CNlog and gene 
expression increase). Evaluations: 1st to 6th (24-Nov-21, 21-Dec-21, 19-Jan-22, 15-Feb-22, 16-Mar-22, 19-Apr-22).

Table 2 
Estimated effects of the association between DNA copy number (CNlog) and gene expression levels. Negative effect values indicate an inverse relationship, where 
increased CNlog is associated with decreased gene expression. Positive values indicate a direct relationship, where both CNlog and gene expression increase. CNlog

big =

CNlog B. bigemina; CNlog
bov = CNlog B. bovis; CNlog

ana = CNlog A. marginale.

DNAlog copy number Expression gene levels

ccr3 cxcl8 cxcl12 cxcr1 tlr10

effect P value effect P value effect P value effect P value effect P value

CNlog
big − 0.43 0.006** − 0.40 0.046** . ns − 0.88 0.009** − 0.49 0.015

​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
CNlog

bov − 0.24 0.037** − 0.35 0.073* . ns . ns − 0.37 0.056*
​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
CNlog

ana 0.38 0.003** . ns . ns – ns 0.60 0.004

*p-value ≤ 0.10; **p-value ≤ 0.05; ns: not significant.
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upregulation of these genes could indicate an active inflammatory 
response, as tlr10 has been implicated in recognizing bacterial compo
nents and initiating innate immune defenses (Hasan et al., 2005). 
Extensive studies on tlr2 have demonstrated that its association with tlr1 
and tlr6 is essential for efficient ligand binding, enabling the discrimi
nation between triacylated and diacylated bacterial lipopeptides 
(Takeda et al., 2002). Thus, according to Hasan et al. (2005), tlr10 may 
potentially act as a coreceptor for these TLRs and therefore recognize 
similar ligands. This differential response between protozoan and bac
terial infections highlights the complexity of host–pathogen interactions 
in co-infection scenarios.

The lack of significant differences in chemokine and tlr10 gene 
expression between Angus (100% taurine) and Ultrablack (82% taurine/ 
18% zebuine) cattle aligns with Azevedo et al. (2024), who studied the 
same herd and found that the low percentage of zebu ancestry in 
Ultrablack animals did not confer measurable resistance to Babesia spp. 
According to these authors, due to Mendelian segregation and 
crossing-over processes, the estimated proportion of zebu genetics 
resulting from Ultrablack mating may differ from the actual proportion 
(~18%).

Temporal variations in gene expression across the six sampling pe
riods underscore the dynamic nature of host-parasite interactions. The 
significant effect of evaluation time on gene expression levels, inde
pendent of genetic group or sex, suggests that environmental factors or 
infection progression may play a substantial role in modulating immune 
responses. This variability may reflect natural fluctuations in parasite 
load or the cyclical activation of the immune system during persistent 
infections (Bock et al., 2004), emphasizing the importance of longitu
dinal studies for understanding the immunology of hemoparasitic dis
eases. As noted by Brown et al. (2001, 2006), evolutionary pressure 
favors parasites that establish persistent infections through immune 
modulation rather than causing host mortality, with parasitemia often 
cycling unnoticed in infected but otherwise clinically healthy animals. 
This typically involves the induction of host responses that limit path
ogen proliferation without achieving complete clearance (Brown et al., 
2006). Therefore, the use of repeated measures and mixed models in this 
study effectively captured these temporal dynamics, providing a robust 
analysis of the complex relationship between parasite load and gene 
expression.

The contrasting relationships between gene expression and different 
parasite species have important implications for understanding disease 
pathogenesis and developing control strategies. The negative associa
tions between Babesia infections and chemokine expression suggest that 
these parasites may actively suppress host immune responses, poten
tially contributing to their ability to establish chronic infections. This 
finding is consistent with studies showing that Babesia can modulate 
host cytokine production (Zygner et al., 2023). According to Zygner 
et al. (2023), the immune response to the infection by B. canis is driven 
by pro-inflammatory cytokines and chemokines, especially IFN-γ, 
TNF-α, IL-6, and IL-8. Their findings further indicate that disease path
ogenesis, including the development of anemia, results from a disrupted 
equilibrium between pro-inflammatory and anti-inflammatory cytokine 
networks.

In contrast, the positive association between A. marginale infection 
and immune gene expression suggests that the host mounts a more 
pronounced inflammatory response to this bacterial pathogen. This 
immune profile differs from that observed in babesiosis and may help 
explain variations in clinical manifestations and disease outcomes be
tween the two infections. Under the conditions of the present study, 
these findings indicate that therapeutic or preventive strategies may 
need to be tailored accordingly. Currently, there are no specific studies 
directly investigate the ccr3 and tlr10 genes in cattle infected with 
A. marginale. Ahlawat et al. (2023) demonstrated that A. marginale 
infection significantly alters the expression of multiple cytokines and 
chemokines, including CXCL2 and CXCL8, which signal through CXCR1. 
However, in our study, a significant association between cxcr1 gene 

expression and A. marginale infection was not observed. Müller et al. 
(2021) investigated the immune response of murine neutrophils to 
Anaplasma phagocytophilum infection and noted that TLR7, TLR9, and 
the TRIF pathway play significant roles in the production of 
pro-inflammatory cytokines such as MIP-1α, TNF, and IL-6. Although 
TLR10 was not directly studied, these findings highlight the importance 
of Toll-like receptors in the immune response to Anaplasma infections. 
Our results reinforce the hypothesis of an active inflammatory response 
during A. marginale infection and provide insight into the mechanisms 
by which this pathogen interacts with the bovine immune system. 
Consequently, immunomodulatory strategies that harness or regulate 
this response could enhance disease control.

While our study did not find statistically significant associations 
between hemoparasite species and cxcl12 gene expression, CXCL12 
plays a crucial and multifaceted biological role in immune regulation, 
cellular trafficking, and even general cell proliferation. Known as SDF- 
1α, CXCL12 and its receptor CXCR4 are fundamental for leukocyte 
trafficking and the retention and mobilization of hematopoietic cells, 
including neutrophils, within the bone marrow (Pello et al., 2006; 
Siberski-Cooper et al., 2024). Beyond immunity, CXCL12 also influences 
broader cellular dynamics, including cell growth and proliferation 
(Zhang et al., 2019). Given its role in general cell proliferation (Zhang 
et al., 2019) and the dynamic host-pathogen interactions in persistent 
infections, the lack of statistical significance here does not preclude 
CXCL12 from playing a crucial, albeit indirect, role in the host response 
or parasite persistence mechanisms. In the context of persistent in
fections, which are hallmarks of A. marginale that evade clearance 
through mechanisms such as antigenic variation despite antimicrobial 
treatment (Curtis et al., 2021; Mauri Pablo et al., 2025), our findings of 
ccr3 and tlr10 upregulation suggest a sustained inflammatory response, 
contrasting with the immunosuppression observed in Babesia.

These findings provide an additional foundation for future research 
aimed at clarifying the specific mechanisms through which hemopar
asites influence host gene expression. Further studies will be essential to 
advance our understanding of host-pathogen interactions and to support 
the development of targeted control strategies.

5. Conclusion

Our study elucidates the roles of chemokines and Toll-like receptors 
in bovine immune responses to infections with Babesia bovis, B. bigemina, 
and Anaplasma marginale. The observed downregulation of ccr3, cxcl8, 
and cxcr1 in response to Babesia spp. suggests a parasite-driven immune 
evasion strategy that may contribute to chronic infection. Conversely, 
the upregulation of ccr3 and tlr10 during A. marginale infection indicates 
a more pronounced pro-inflammatory response, which may contribute 
to the elimination or reduction of the infection. The absence of signifi
cant differences between Angus and Ultrablack cattle underscores the 
complexity of genetic resistance, suggesting that a higher proportion of 
zebuine ancestry may be necessary to produce detectable phenotypic 
effects. Our findings contribute to a better understanding of host- 
pathogen dynamics in tick-borne diseases and emphasize the impor
tance of species-specific immunomodulatory approaches.
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