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Abstract
Background  Piroplasmosis, including Theileriosis and Babesiosis, poses a threat to livestock health and productivity 
worldwide. However, the molecular mechanisms underlying breed-specific differences in resistance to piroplasmosis 
remain poorly understood. Compared to Bos taurus, Bos indicus generally exhibits greater resistance to diseases such 
as piroplasmosis and trypanosomiasis, as well as enhanced adaptability to hot and humid environments. Yunnan 
humped cattle, an indigenous B. indicus breed, are well adapted to coarse feed and harsh environments, yet the 
molecular basis of their disease resistance has not been systematically investigated.

Results  By integrating transcriptomic and proteomic analyses, we demonstrated that genetic background is the 
primary determinant shaping distinct immune response strategies between cattle breeds. Mucosal immunity 
and innate immunity emerged as key contributors to differential resistance to piroplasmosis. We identified several 
candidate genes and protein biomarkers highly expressed in Yunnan humped cattle, including CCL4, CCL5, IL1R2, 
IL5RA, BOLA, BOLA-DRB3, IFNB1, and the protein HPX. These candidates are likely to be directly or indirectly involved in 
host resistance to piroplasmosis and may have potential utility as molecular markers.

Conclusions  This study improves our understanding of disease resistance in Yunnan humped cattle. The identified 
candidate genes and proteins may serve as molecular markers for marker-assisted breeding, offering a theoretical 
basis for developing cattle populations resistant to piroplasmosis.
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Background
Piroplasmosis, including theileriosis and babesiosis, is 
caused by protozoan parasites that infect the blood of 
both domesticated and wild animals. These parasites 
pose a serious threat to livestock health and productivity 
and are also considered animal-derived zoonotic patho-
gens [1, 2]. Piroplasmosis is primarily transmitted by 
ticks [3, 4], and its occurrence has been reported in many 
provinces of China [5, 6]. Therefore, identifying effective 
strategies to control and mitigate the impact of this para-
sitic disease is of great importance.

Cattle are one of the earliest domesticated breeds and 
play an important role in the meat, dairy, and leather 
industries [7]. However, the large scale and density of 
farming increase the risk of disease outbreaks and patho-
gen transmission. In the absence of sufficient host immu-
nity, reliance on external drug treatments alone may 
facilitate pathogen proliferation [8]. An alternative and 
sustainable approach is to exploit inherent host resis-
tance and parasite tolerance through genetic improve-
ment and selective breeding for disease resistance [9–12]. 
Taurine cattle (Bos Taurus) and zebu cattle (Bos Indicus) 
represent the two major domesticated cattle lineages 
worldwide. Compared with taurine cattle, zebu cattle 
generally exhibit stronger resistance to diseases, as well 
as better tolerance to heat and humidity [13, 14]. Notable 
differences have been reported between these two cattle 
types in resistance to trypanosomosis, tick infestation, 
and piroplasmosis [15–20]. Yunnan humped cattle are 
an indigenous zebu breed in China and share the typical 
characteristics of B. indicus [14]. In contrast, Simmental 
cattle are a widely farmed taurine cattle breed. In this 
study, Yunnan humped cattle and Simmental cattle were 
selected to compare their resistance to piroplasmosis, to 
provide a theoretical basis for reducing the impact of this 
disease.

RNA sequencing (RNA-seq) is a high-throughput tech-
nology widely used to analyze transcriptome composi-
tion and gene expression levels in cells and tissues [21]. 
It can be used to study various traits and find the genetic 
basis of differences [16]. In proteomics, mass spectrom-
etry (MS)-based quantitative approaches mainly include 
data-dependent acquisition (DDA) and data-independent 
acquisition (DIA) [22]. DIA has the advantages of pan-
oramic scanning and data traceability, which can over-
come several limitations of the traditional DDA method 
[23, 24], and has been successfully applied in clinical 
research and biomarker discovery [25–28].

In this study, piroplasmosis was investigated as a broad 
parasitic disease entity through a preliminary integra-
tive transcriptomic and proteomic analysis to explore 
the genetic basis of resistance in Yunnan humped cattle. 
This integrative approach characterizes host responses at 
the disease-group level, providing an overall perspective 

on piroplasmosis in cattle. Our objectives were to eluci-
date differences in disease resistance between Yunnan 
humped and Simmental cattle and to identify molecular 
markers and functional pathways associated with resis-
tance. These findings provide a valuable foundation for 
further exploration of the unique traits of the Yunnan 
humped cattle, an important indigenous breed.

Methods
Sample collection and preparation
In this study, whole blood, plasma, and serum samples 
were collected from 30 Yunnan Humped cattle and 12 
Simmental cattle in Lancang County, Pu’er City (Yun-
nan, China), and from 45 Yunnan humped cattle and 31 
Simmental cattle from Mangshi City, Dehong Prefecture 
(Yunnan, China) (Additional file 1).

Genomic DNA was extracted from whole blood sam-
ples using the Tiangen DNA extraction kit (DP304; Tian-
gen Biotech, Beijing, China). PCR amplification was 
performed to detect the presence of piroplasm DNA 
using primers reported in previous studies [29, 30], with 
detailed primer information provided in Additional file 2. 
Sample grouping was primarily based on PCR detection 
results.

Microscopic examination of Giemsa-stained blood 
smears was performed as a supplementary method to 
visually assess the presence of piroplasm. Briefly, a drop of 
fresh anticoagulated blood was spread into a thin smear, 
air-dried, fixed with methanol, and stained with diluted 
Giemsa solution (stock solution: deionized water = 1:10) 
for 15–30 min. Slides were gently rinsed with water and 
examined under an OLYMPUS BX50 light microscope 
(Olympus, Tokyo, Japan). Due to the asymptomatic or 
carrier status of the animals and the associated low par-
asitemia, blood smear examination was not used as the 
primary criterion for group classification.

PCR assays were used to detect piroplasm infections, 
including Babesia spp. and Theileria spp. For this study, 
animals positive for either genus were collectively clas-
sified as piroplasmosis-positive and analyzed together. 
Based on PCR results, Yunnan humped cattle positive 
for piroplasms were assigned to the Zebu experimental 
group (Z-EG), and PCR-negative individuals to the Zebu 
control group (Z-CG). Similarly, PCR-positive Simmen-
tal cattle were classified as the Simmental experimental 
group (X-EG), and PCR-negative individuals as the Sim-
mental control group (X-CG). A total of 118 animals 
were initially sampled to assess piroplasmosis prevalence. 
For transcriptomic and proteomic analyses, a subset of 
animals was selected based on PCR-confirmed infec-
tion status to define experimental and control groups for 
downstream analyses. In Lancang, 15 Yunnan humped 
cattle (5 Z-EG and 10 Z-CG) and 10 Simmental cattle (5 
X-EG and 5 X-CG) were selected. In Mangshi, 20 Yunnan 
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humped cattle (10 Z-EG and 10 Z-CG) and 14 Simmen-
tal cattle (4 X-EG and 10 X-CG) were included for subse-
quent analyses. Because piroplasm infection status could 
only be determined by PCR after sample collection, and 
all animals were clinically asymptomatic, equal group 
sizes could not be predefined.

RNA extraction and library construction and RNA 
sequencing
Above 59 blood samples were used for transcriptomic 
analysis. RNA sequencing was performed by Majorbio 
Bio-Pharm Technology Co., Ltd. (Shanghai, China), fol-
lowing standardized protocols. Total RNA was extracted 
from whole blood using TRIzol reagent (Invitrogen, 
Carlsbad, CA, USA). The quantity and purity of total 
RNA were detected by the NanoDrop ND-2000 C spec-
trophotometer (Thermo Fisher Scientific, Waltham, MA, 
USA). Furthermore, RNA integrity was detected by Agi-
lent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, 
CA, USA). RNA libraries were constructed using the Illu-
mina TruSeq™ mRNA Sample Preparation Kit (Illumina, 
San Diego, CA, USA). Briefly, mRNA was enriched using 
oligo(dT) magnetic beads, fragmented, and reverse-
transcribed into cDNA. Approximately 300  bp frag-
ments were selected using magnetic beads and ligated 
to sequencing adapters. Libraries were amplified by 15 
cycles of PCR, and target fragments were recovered 
using 2% agarose gel electrophoresis. Library concentra-
tions were quantified using a TBS380 fluorometer with 
PicoGreen reagent, and libraries were pooled equimo-
larly. Cluster generation was performed by bridge PCR 
amplification on a cBot system, followed by paired-end 
sequencing (2 × 150  bp) on an Illumina NovaSeq 6000 
platform [31] (Illumina, San Diego, CA, USA). On aver-
age, approximately 44–55 million raw reads were gener-
ated per sample.

Transcriptome analysis of DEGs
Raw data quality was assessed using FastQC (Version: 
0.11.9), and quality reports were integrated with MultiQC 
[32] (Version: 1.6). Adapter sequences and low-quality 
bases (Phred score < 20) were removed using Trim Galore 
(v0.6.7). After quality control, each sample retained 
more than 43  million clean reads, with an overall map-
ping rate of > 92% and a unique mapping rate of > 88%. 
Clean reads were aligned to the Bos taurus reference 
genome (ARS-UCD1.2) using HISAT2 [33] (Version: 
2.2.1) software, with the corresponding GTF annotation 
file. Gene expression levels were quantified as transcripts 
per million (TPM). Differential expression analysis was 
performed using DESeq2 [34], and genes with p < 0.05 
and |log₂ fold change| > 1 were defined as differentially 
expressed genes (DEGs). To minimize the confound-
ing effect of inherent breed differences, DEGs identified 

in the piroplasm-negative comparison (Z-CG vs. X-CG) 
were excluded from subsequent infection-related breed 
comparisons. This strategy aimed to highlight infection-
associated, breed-specific molecular responses rather 
than baseline genetic differences between breeds. The 
DEGs obtained from Z-EG vs. X-EG formed a gene set 
called EG_unique, and these genes were used for func-
tional enrichment analysis.

Protein extraction, digestion, and DIA-based proteomic 
analysis
We chose plasma samples consistent with the above 
25 individuals from Lancang, and 19 individuals from 
Mangshi (5 Z-EG and 5 Z-CG, 4 X-EG and 5 X-CG) for 
proteomic analysis. Protein extraction, digestion, and 
DIA analysis were performed by Majorbio Bio-Pharm 
Technology Co., Ltd. (Shanghai, China), following stan-
dardized protocols.

High-abundance plasma proteins were depleted using 
the ProteoMiner™ Protein Enrichment Kit (Bio-Rad Lab-
oratories, Hercules, CA, USA). Protein concentration 
was then measured, and quality control was performed. 
The protein solution was dissolved and enzymatically 
digested to prepare peptide samples. Pooled peptide 
samples were analyzed in data-dependent acquisition 
(DDA) mode to generate a spectral library, while indi-
vidual samples were analyzed in data-independent acqui-
sition (DIA) mode for quantitative proteomic profiling. 
Mass spectrometry (MS) analysis was performed using 
an Orbitrap Astral mass spectrometer (Thermo Fisher 
Scientific, Bremen, Germany). Equal amounts of peptides 
were dissolved in MS buffer, and 10x indexed retention 
time (iRT) peptides were added before MS analysis.

DIA data processing and protein identification
DDA raw files were searched using Proteome Discov-
erer™ v.2.4 [35] to construct the spectral library. Protein 
identification was performed against a combined Uni-
Prot database including Bos taurus (UP000009136) and 
Bos indicus (UP000515132). Then the protein was subse-
quently imported into Spectronaut software [36] for DIA 
data analysis. The iRT peptides were used for retention 
time calibration. Protein-level and peptide-level FDR 
were both controlled at ≤ 1%, and peptide identification 
confidence was set to ≥ 99%. The extracted ion chromato-
gram (XIC) extraction window was set to 75 ppm. The 
non-linear regression of iRT peptides showed that the 
majority of data points were evenly distributed along the 
fitted curve, indicating stable retention time alignment 
and good chromatographic performance across samples. 
Protein intensities were normalized based on total peak 
area and used for downstream quantitative analysis. For 
DIA-based protein quantification, up to six peptides per 
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protein were selected, and for each peptide, three frag-
ment ions were used for quantitative analysis.

Proteomic analysis of DEPs
Protein quantification was based on DIA intensities 
extracted by Spectronaut. Differential protein expres-
sion analysis was performed on proteins passing the 
above identification criteria. Due to the relatively limited 
sample size and the conservative nature of FDR correc-
tion in DIA-based proteomic data, differential protein 
expression was initially screened using Student’s t-test 
with a nominal p < 0.05 and fold change ≥ 1.2 or ≤ 0.83. 
This approach was adopted for the exploratory identifica-
tion of candidate differentially expressed proteins (DEPs). 
False discovery rates (FDRs) were calculated for all quan-
tified proteins; however, due to the limited number of 
proteins passing stringent FDR thresholds in plasma DIA 
data, nominal p-values combined with fold-change crite-
ria were applied to retain biologically relevant candidates 
for downstream analyses. After removing the intersec-
tion proteins with Z-CG vs. X-CG, the differential pro-
teins obtained from Z-EG vs. X-EG of Lancang samples 
and Mangshi samples formed protein sets called Z-EG vs. 
X-EG specific differential proteins, and then these pro-
teins were used for functional enrichment analysis.

Functional enrichment and protein–protein interaction 
network analyses
Functional enrichment analysis was carried out using 
Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genome (KEGG) analysis. GO and KEGG enrich-
ment analyses were performed using the clusterProfiler 
package in R. For functional enrichment analysis, GO 
enrichment typically yields a large number of terms, 
which were evaluated using Benjamini-Hochberg 
adjusted p-values (p-adjust < 0.05). In contrast, KEGG 
pathway enrichment resulted in a relatively limited num-
ber of pathways; therefore, nominal p-values (p < 0.05) 
were used as a screening threshold to retain biologically 
interpretable pathways. Given the limited number of 
identified DEPs and enriched terms, nominal p-values 
(p < 0.05) were used as a screening threshold to identify 
potentially relevant biological functions and pathways.

Protein–protein interaction (PPI) networks were con-
structed to further explore key DEGs and DEPs. Genes 
and proteins associated with immunity and disease resis-
tance were selected based on differential expression and 
functional annotation. Protein interactions between 
genes or proteins were analyzed based on the STRING 
database (https://cn.string-db.org/). The resulting file of 
genes obtained from the STRING database was down-
loaded and imported into Cytoscape software (v3.9.1) to 
plot and calculate the node degree of each gene to judge 
the importance.

Verification of DEGs and DEPs
To verify the transcriptomic data, we selected 8 DEGs 
from the Lancang samples and 9 DEGs from the Mangshi 
samples to do RT-qPCR experiments. RT-qPCR assays 
were performed by a commercial service provider, Major-
bio Bio-Pharm Technology Co., Ltd. (Shanghai, China), 
following standardized protocols. According to the data 
provided by ICG [37], GAPDH was selected as the refer-
ence gene for RT-qPCR. After concentration and quality 
evaluation, the total RNAs were reverse transcribed to 
cDNA. ChamQ SYBR Color qPCR Master Mix (Vazyme 
Biotech Co., Ltd., Nanjing, China) and ABI QuantStudio 
6 Real-Time PCR System (Applied Biosystems, Foster 
City, CA, USA) were used to do the RT-qPCR experi-
ment. RT-qPCR was performed using a unified cycling 
program for all samples: initial denaturation at 95 ℃ for 
5 min, followed by 35 cycles of denaturation at 95 ℃ for 
30 s, annealing at 55 ℃ for 30 s, and extension at 72 ℃ 
for 1 min. The primers were provided by Shanghai San-
gon Biological Engineering Co., Ltd. (Shanghai, China). 
The details of primers of RT-qPCR are shown in Addi-
tional file 2. Primer specificity was confirmed by ampli-
fication and melting curve analyses, showing a single 
specific peak. Primer efficiencies were validated by the 
service provider in accordance with MIQE guidelines.

To verify the protein expression and the expression 
trend, parallel reaction monitoring (PRM) [38, 39] was 
employed to quantify selected DEPs. PRM analysis was 
performed by a commercial service provider, Majorbio 
Bio-Pharm Technology Co., Ltd. (Shanghai, China), fol-
lowing standardized protocols. Peptide samples were 
prepared by reduction, alkylation, and enzymatic diges-
tion, followed by analysis on an Orbitrap mass spectrom-
etry platform in FULL MS-PRM acquisition mode with 
positive ion detection. Targeted peptide signals were 
extracted and quantified using Skyline software [40], and 
the peak areas of the fragment ions corresponding to the 
target protein were integrated. Stable-isotope-labeled 
internal standard peptides were not used; therefore, PRM 
quantification was performed in a label-free, relative 
manner. PRM results were used to assess the consistency 
of expression trends between targeted validation and 
global proteomic profiling.

Results
Piroplasm carriage rate varies across regions and cattle 
breeds
In samples collected from Lancang County, the piro-
plasm carrying rate was 16.67% (5/30) in Yunnan 
humped cattle and 58.33% (7/12) in Simmental cattle. 
Conversely, in Mangshi City, the carriage rate was 48.89% 
(22/45) in Yunnan humped cattle and 19.35% (6/31) in 
Simmental cattle (Fig. 1). Details of the PCR results of the 
piroplasm-positive Yunnan humped cattle are provided 

https://cn.string-db.org/
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in Additional file 3. To further explore the molecular dif-
ferences, we performed principal component analysis 
(PCA) and heatmap clustering based on RNA-seq and 
DIA-based proteomic data (Fig.  2; Additional file 4). 
These analyses revealed clear separations between Yun-
nan humped and Simmental cattle, whereas piroplasm-
positive and -negative individuals within the same breed 
showed minimal differences.

Transcriptome and proteome differences associated with 
cattle breed and piroplasm infection
After quality control of the transcriptomic data, a total 
of 18,397 genes and 63,168 transcripts were obtained in 
Lancang samples, while 27,152 genes and 91,840 tran-
scripts were detected in the Mangshi samples. Summary 
statistics of the sequencing data are presented in Addi-
tional file 5. Using the criteria of p < 0.05 and |log2FC|>1, 
1,382 differentially expressed genes (DEGs) were identi-
fied in the Z-EG vs. X-EG comparison in Lancang sam-
ples, and 968 DEGs were identified in Mangshi samples. 
In the Z-CG vs. X-CG comparison, 1713 DEGs were 
detected in Lancang samples, and 1204 DEGs in Mang-
shi samples (Fig. 3). These results indicate extensive tran-
scriptional differences between Yunnan humped and 
Simmental cattle that are consistent across both regions.

In proteomics analysis, DIA-based mass spectrometry 
of plasma samples shows that the percentage of identi-
fied peaks exceeded 64% in all groups, indicating that 
the spectral library was appropriate and the results were 
reliable (Additional file 5). DEPs were identified using the 
criteria of FC ≥ 1.20 for upregulated proteins, FC ≤ 0.83 
for downregulated proteins, and p<0.05. In the Lancang 
samples, 96 DEPs were identified in the Z-EG vs. X-EG 
comparison and 154 DEPs in the Z-CG vs. X-CG com-
parison. In the Mangshi samples, 52 DEPs were identified 
in Z-EG vs. X-EG and 64 DEPs in Z-CG vs. X-CG (Fig. 4).

To specifically investigate the genes and proteins 
expressed associated with piroplasmosis, we focused on 
the piroplasm-positive groups (Z-EG vs. X-EG) while 
excluding the DEGs and DEPs identified in the piro-
plasm-negative comparison (Z-CG vs. X-CG). Using this 

approach, we obtained 491 DEGs and 33 DEPs from the 
Lancang samples, and 637 DEGs and 36 DEPs from the 
Mangshi samples for subsequent analysis (Fig.  5). This 
approach effectively minimized breed-specific back-
ground effects unrelated to parasite carriage, allowing 
us to focus on infection-associated molecular signatures. 
These infection-associated DEGs and DEPs were further 
analyzed to explore their potential biological functions.

Immune-related functional enrichment of differentially 
expressed genes and proteins
To gain insight into the biological functions of the DEGs, 
Gene Ontology (GO) and KEGG enrichment analyses 
were conducted. In the GO analysis, 491 DEGs identified 
from the Lancang samples were significantly enriched 
in 13 GO terms (p < 0.05) (Fig.  6A; Additional file 6). 
Notably, several terms, such as antimicrobial humoral 
immune response mediated by antimicrobial pep-
tides, innate immune response in mucosa, and mucosal 
immune response, were related to host immune defense 
and disease resistance. Similarly, the 637 DEGs from the 
Mangshi samples were significantly enriched in 25 GO 
terms (Fig. 6B; Additional file 6). Enriched terms such as 
immune response, negative regulation of viral genome 
replication, and defense response to symbiont further 
supported the involvement of immune-related biological 
processes.

In the proteomic GO enrichment analysis of the Lan-
cang samples, only four differentially expressed proteins 
(DEPs) were enriched in two GO terms. Specifically, 
A0A140T851 and Q9BGI3 were associated with glandu-
lar development (GO:0048732), while A0A6P5C9U8 and 
P00921 were enriched in lysozyme activity (GO:0016829). 
Notably, among Mangshi samples, 21 DEPs were 
enriched in 30 GO terms (p < 0.05) (Fig.  6C; Additional 
file 6). Several of these terms were immune-related, 
including: innate immune response of mucosa, organ 
or tissue-specific immune response, mucosal immune 
response, regulation of interferon γ-mediated signaling 
pathway, and regulation of γ-interferon response. Among 
the enriched proteins, F1N3Q7 and F1MLW2 proteins 

Fig. 1  Representative microscopic images of blood smears from cattle infected with piroplasm. Giemsa-stained thin blood smears showing the pres-
ence of piroplasm in red blood cells from (A) Yunnan humped cattle (sample Z10) and (B) Simmental cattle (sample X15). Blood smears were prepared 
from fresh anticoagulated blood, fixed with methanol, and stained with diluted Giemsa solution. Images were acquired using an OLYMPUS BX50 light 
microscope. Scale bars, 200 μm

 



Page 6 of 15Chen et al. BMC Genomics          (2026) 27:551 

were involved in mucosal innate immune responses and 
tissue-specific immune regulation. These findings were 
consistent with the transcriptomic enrichment results, 
suggesting that innate and mucosal immunity may con-
tribute to the differential resistance to piroplasmosis 
observed between Yunnan humped cattle and Simmental 
cattle.

In order to further elucidate functional differences 
between Yunnan humped cattle and Simmental cattle in 
the piroplasm-positive groups (Z-EG vs. X-EG), KEGG 
pathway enrichment was also performed. In the Lan-
cang samples, 491 DEGs were significantly enriched in 
17 KEGG pathways (p < 0.05) (Fig. 7A; Additional file 6). 
Among these, several pathways annotated as immune 
or disease-related were identified, including neutro-
phil extracellular trap formation, Staphylococcus aureus 

infection, and malaria. Although systemic lupus erythe-
matosus and rheumatoid arthritis were also enriched, 
these terms likely reflect general inflammatory activation 
rather than disease-specific autoimmune processes in 
cattle. In the Mangshi samples, 637 DEGs were enriched 
in 66 pathways (Fig.  7B; Additional file 6), of which 35 
pathways were associated with immunity, infectious dis-
ease, and signal transduction. Notable pathways included 
intestinal immune network for IgA production, leish-
maniasis, African trypanosomiasis, natural killer cell-
mediated cytotoxicity, and the B cell receptor signaling 
pathway.

In terms of differential proteins, there were no signifi-
cant pathways enriched in Lancang-specific differential 
proteins (L-SDPs), but 8 pathways were significantly 
enriched in 36 Mangshi-specific differential proteins 

Fig. 2  Correlation analysis of samples from Lancang and Mangshi. The PCA analysis based on normalized transcriptome data of Lancang (A) and Mangshi 
(B) samples. Heatmaps show Pearson correlation coefficients between samples based on proteome data from Lancang (C) and Mangshi (D). Different 
colors in the heatmaps represent the magnitude of the correlation coefficient, with higher absolute values indicating stronger correlations
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(M-SDPs), including some immune and disease-related 
pathways, such as the TGF-β signaling pathway, Sal-
monella infection, hepatitis B, and PI3K-Akt signaling 
pathway (Fig.  7C; Additional file 6). In summary, these 
enrichment results revealed significant transcriptional 
and proteomic differences between the two cattle breeds 
in immune-related processes, particularly those involv-
ing innate and mucosal immunity. Subsequent analyses, 
therefore, focused on key genes and proteins within these 
enriched pathways to further clarify their potential roles 
in piroplasmosis resistance.

Protein–protein interaction networks of DEGs and DEPs for 
identification of key candidate genes and proteins
To further explore the molecular basis of immune and 
disease resistance differences between Yunnan humped 
cattle and Simmental cattle, we integrated DEG expres-
sion levels with GO and KEGG enrichment results. 
Based on this, 117 genes from the Lancang samples and 
197 genes from the Mangshi samples were selected for 
protein–protein interaction (PPI) network construc-
tion. Analysis of the PPI networks revealed several hub 

genes potentially involved in the differential resistance 
to piroplasmosis (Fig.  8). In the Lancang samples, the 
top 10 weighted hub genes are mainly related to immune 
response, inflammation, and immune system regula-
tion. In Mangshi samples, the top 20 key hub genes are 
involved in anti-bacterial and anti-virus immunity.

To identify the most relevant candidate genes, strin-
gent selection criteria were applied, including a fold 
change ≥ 4, adjusted p < 0.05, enrichment in immune- or 
parasite-related GO terms and KEGG pathways, localiza-
tion as nodes within the PPI network, and known associ-
ations with immunity or disease. As a result, we identified 
7 genes in the Lancang samples (SRC, TNFSF11, CCL4, 
BOLA-DRB3, LOC281376, FCAR, IL1R2) and 11 
genes in the Mangshi samples (CCL5, IFNB1, THBS1, 
LOC100297725, NKG2C, BOLA, IL5RA, CD1A, P2RX7, 
TNFRSF12A, TNFRSF9), which were relatively highly 
expressed in the Yunnan humped cattle (Additional file 
7).

Similarly, to investigate the interactions among key 
DEPs and to identify hub proteins, GO and KEGG 
enrichment results were integrated to select immunity-, 

Fig. 3  Bar plot and Venn plot of significantly differentially expressed genes (DEGs). DEGs were identified using DESeq2, with genes showing p < 0.05 and 
|log2FC| > 1 considered significant. Bar plots show the number of upregulated (red) and downregulated (green) genes, and Venn diagrams display shared 
and specific DEGs among different groups. A DEGs in Lancang samples. B DEGs in Mangshi samples
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inflammation-, and disease-related DEPs from the 
Mangshi samples (Additional file 8) for PPI analysis. 
We selected 12 proteins to construct a PPI network to 
identify the candidate proteins (Fig.  9). According to 
the PPI network, HPX (Hemopexin isoform X1) and 
APOA4 (Apolipoprotein A4) showed a moderate inter-
action (combined score = 0.648), whereas the interaction 
between HPX and LUM (Lumican) was relatively weak. 
However, interaction between FMOD (Fibromodulin) 
and LUM is the strongest, with a composite score of 
0.954 (Additional file 8). Based on protein expression lev-
els, the HPX protein is significantly highly expressed in 
Yunnan humped cattle, suggesting that it has potential as 
a protein biomarker associated with piroplasmosis resis-
tance in Yunnan humped cattle.

Verification of DEGs and DEPs
To validate the transcriptomic data, 8 (3 up, 5 down) and 
9 (2 up, 7 down) randomly selected DEGs were analyzed 
by RT-qPCR. The expression levels detected by RT-qPCR 
for all genes matched well with the transcriptome data, 

demonstrating that the RNA-seq results in this study are 
reliable (Fig.  10).  To assess the reliability of DIA-based 
proteomic quantification, we employed the PRM tech-
nique to perform relative quantification of selected DEPs. 
The PRM validation was conducted using plasma sam-
ples from the same Z-EG and X-EG groups in the Mang-
shi samples. Three representative DEPs were selected 
for PRM analysis based on their significant differential 
expression identified by DIA analysis (p < 0.05). PRM 
results confirmed that these proteins exhibited expres-
sion trends consistent with those observed in the DIA-
based proteomic data (Fig. 11; Additional file 8). 

Discussion
B. indicus has adapted to hot and humid environments 
for a long time, which leads to different disease resistance 
from B. taurus [41, 42]. By integrating transcriptomic 
and proteomic analyses with bioinformatics approaches, 
this study provides initial insights into the molecular 
basis underlying the differential resistance to piroplasmo-
sis between Yunnan humped cattle and Simmental cattle. 

Fig. 4  Volcano map of differentially expressed proteins (DEPs). Each dot represents one protein. Proteins with p < 0.05 were considered significant. Red 
and blue dots indicate upregulated and downregulated proteins, respectively. A DEPs of Z-EG vs. X-EG group in Lancang samples. B DEPs of Z-CG vs. X-CG 
group in Lancang samples. C DEPs of Z-EG vs. X-EG group in Mangshi samples. D DEPs of Z-CG vs. X-CG group in Mangshi samples
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Our research further elucidates the genetic basis under-
lying the characteristics of Yunnan humped cattle, high-
lighting the potential mechanisms for their resistance to 
piroplasmosis.

Genetic background contributes to divergent immune 
response strategies
Our results indicate that both host genetic background 
and environmental factors, such as regional parasite 
diversity and ecological conditions, may jointly shape 
infection dynamics. In Lancang County, the piroplasm 
carrying rate among Simmental cattle (58.33%) was 
significantly higher than that among Yunnan humped 
cattle (16.67%), whereas in Mangshi, the opposite trend 
was observed. This suggests that responses to piroplasm 
infection differ between cattle breeds in a context-depen-
dent manner and may be influenced by region-specific 
factors, including parasite strain composition, vector 
distribution, climatic conditions, and husbandry prac-
tices. PCA analysis revealed substantial differences in 
transcriptomic and proteomic profiles between the two 

breeds, whereas infection status accounted for relatively 
smaller variation within each breed (Fig.  2). This sug-
gests that breed-related genetic background represents 
an important contributor to immune response patterns, 
while environmental and infection-related factors may 
further modulate these responses.

Mucosal immunity and innate immunity represent key 
differences in piroplasmosis resistance between two cattle 
breeds
After eliminating breed-specific background effects, we 
conducted functional enrichment analysis of DEGs and 
DEPs identified in the piroplasm-positive groups. We 
acknowledge that this filtering strategy may also remove 
infection-relevant genes that are shared by both breeds. 
However, our primary objective was to identify molecu-
lar features underlying differential infection responses 
between breeds rather than common host responses 
to piroplasmosis. The transcriptomic data from both 
Lancang and Mangshi samples showed significant 
enrichment in GO terms related to mucosal and innate 

Fig. 5  Venn diagram of DEGs and DEPs of the Z-EG vs. Z-CG comparison. Genes and proteins were identified using the same criteria as described in Figs. 3 
and 4. A Venn diagram and statistical chart of DEGs in the Lancang sample. B Venn diagram and statistical chart of DEGs in the Mangshi sample. C Venn 
diagram of DEPs in the Lancang sample, where the specific differentially expressed proteins are defined as L-SDPs. D Venn diagram of DEPs in the Mangshi 
sample, where the specific differentially expressed proteins are defined as M-SDPs
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immunity (Fig.  6A, B). Consistently, the proteomic data 
from Mangshi samples also revealed enrichment in key 
terms such as “innate immune response in mucosa” and 
“regulation of interferon-gamma-mediated signaling 
pathway,” aligning well with the transcriptomic results. 
The enrichment results from KEGG pathways further 
support the preceding statement. These findings suggest 
that differences in mucosal and innate immune pathways 
represent a key factor underlying the distinct resistance 
to piroplasmosis between Yunnan humped cattle and 
Simmental cattle. Previous studies have demonstrated 
that both mucosal immunity and innate immunity play 
crucial roles in combating parasites [43]. Innate immu-
nity serves as the host’s most primitive defense mecha-
nism, typically causing minimal damage [44]. These 

findings are consistent with the physiological function 
of the mucosa as the first line of defense against patho-
gens in ruminants [45]. Additionally, the enrichment of 
IgA production, NK cell-mediated cytotoxicity, and B 
cell receptor signaling pathways indicates that during the 
infection process, the two cattle breeds exhibit certain 
differences in their adaptive immune responses. Notably, 
the number of differentially expressed proteins identified 
in plasma was relatively limited. This likely reflects the 
asymptomatic carrier status of infected animals, in which 
host systemic proteomic responses are subtle, as well as 
the inherent dominance of high-abundance proteins in 
plasma samples. Thus, the observed DEP numbers may 
reflect biological characteristics.

Key genes and protein biomarkers associated with 
resistance to piroplasmosis in Yunnan humped cattle
Through integrative analysis, we identified several key 
candidate genes and proteins associated with piroplas-
mosis resistance in Yunnan humped cattle. Hub genes 
such as CCL4, CCL5, and IFNB1 encode cytokines that 
are essential for immune cell recruitment, activation of 
inflammatory responses, and defense against viral and 
parasitic infections [46–51]. In addition, SRC [52] and 
TNFSF11 [53] are involved in immune regulation and 
signal transduction. Notably, the major histocompat-
ibility complex (MHC) genes BOLA (class I) [54] and 
BOLA-DRB3 (class II) [55] play critical roles in antigen 
presentation. These molecules are involved in antigen 
presentation and pathogen recognition, and previous 
studies have suggested that their polymorphisms may 
influence resistance or susceptibility to infectious dis-
eases [56]. Among proteins, HPX and APOA4 were 
identified as central nodes in the PPI network, with HPX 
showing higher expression in Yunnan humped cattle. 
Studies indicate that HPX is protective in severe malaria 
caused by Plasmodium vivax as part of an endogenous 
protective mechanism [57], and HPX has also been asso-
ciated with protective immunity in sheep against gastro-
intestinal nematode infection [58]. High expression of 
HPX protein in Yunnan humped cattle may indicate that 
they possess more robust mechanisms to counteract col-
lateral damage caused by infections, thereby protecting 
their own tissues.

The identification of immune pathways and biomarkers 
that differ between Yunnan humped and Simmental cat-
tle may reflect long-term interactions between hosts and 
parasites that have shaped immune-related traits. Yun-
nan humped cattle have long been exposed to high para-
site pressure in tropical and subtropical regions, which 
may be associated with differences in mucosal and innate 
immune response. In contrast, Simmental cattle, as an 
introduced breed, may exhibit distinct immune response 
profiles under similar environmental conditions. These 

Fig. 6  Significant GO terms of the DEGs and DEPs unique to the Z-EG vs. 
X-EG group. GO terms with p < 0.05 were considered significant. A GO en-
richment results of DEGs from Lancang samples. B GO enrichment results 
of DEGs from Mangshi samples. C GO enrichment results of M-SDPs
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findings support the hypothesis that indigenous cattle 
breeds possess unique genetic advantages for survival in 
parasite-rich environments. While these observations are 
suggestive, further studies under controlled conditions 
are required to disentangle genetic adaptation from envi-
ronmental influences.

Despite these advances, several limitations should 
be acknowledged. First of all, samples were collected 

from two geographically distinct regions with mark-
edly different infection prevalences. Regional dif-
ferences may reflect a complex combination of 
ecological and management factors; therefore, regional 
effects should be interpreted as composite environmen-
tal contexts. Importantly, our analyses were performed 
separately within each region, and biological interpre-
tations focused on immune pathways and candidate 

Fig. 8  PPI analysis of selected DEGs using the STRING database. Interactions with confidence score > 0.4 were retained. Node color indicates node 
degree, with redder colors representing higher degrees. A PPI network of selected genes from Lancang samples. B PPI network of selected genes from 
Mangshi samples

 

Fig. 7  Significant KEGG pathways of DEGs and DEPs unique to the Z-EG vs. X-EG group. KEGG pathways with p < 0.05 were considered significant. A KEGG 
enrichment results of DEGs from Lancang samples. B KEGG enrichment results of DEGs from Mangshi samples. C KEGG enrichment results of M-SDPs
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molecules that showed consistent expression trends 
across regions. Nevertheless, future studies incorpo-
rating controlled infection models or detailed envi-
ronmental covariates will be necessary to disentangle 
host genetic effects from environmental confounders. 
Second, unequal sample sizes among groups, resulting 
from natural infection prevalence, may limit statistical 

power and introduce bias. Accordingly, the conclusions 
of this study should be interpreted cautiously and pri-
marily as exploratory associations. Because all samples 
were collected under field conditions, it was impossible 
to control the infection time, dose, and parasite strain, 
and functional validation experiments were not per-
formed. Therefore, the observed molecular differences 

Fig. 10  Comparison of RT-qPCR and RNA-seq results. RT-qPCR data were normalized, and log2 fold changes were used to compare expression trends 
between RT-qPCR and RNA-seq. A The result of genes from Lancang samples. B The result of genes from Mangshi samples. Expression trends were con-
sistent with RNA-seq results

 

Fig. 9  PPI analysis of selected DEPs using the STRING database. Interactions with a confidence score > 0.4 were retained. The thickness of the lines be-
tween nodes is positively correlated with the strength of protein-protein interactions
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should be interpreted as associations under natural 
infection conditions rather than direct causal effects. 
Moreover, the candidate genes and proteins identified 
in this study should be regarded as promising targets for 
future investigation rather than definitive determinants 
of resistance. We also acknowledge that although PCR-
based detection provides high sensitivity, false nega-
tives cannot be completely excluded in field-collected 
samples, and this limitation should be considered when 
interpreting the infection status and downstream analy-
ses. Future studies incorporating controlled infection 
experiments, functional validation assays, larger sample 
sizes, and isotope-labeled standards will be necessary 
to rigorously confirm the roles of these candidates and 
to elucidate their underlying mechanisms. Collectively, 
our findings provide a valuable resource and a founda-
tion for future research aimed at improving disease 
resistance in cattle through genetic and immunological 
approaches.

Conclusions
In summary, this study employs integrated multi-
omics analysis to investigate breed-specific responses 
to piroplasm infection across different regions of Yun-
nan Province. Our results indicate that cattle breed–
specific transcriptional and proteomic responses to 
infection are associated with regional and environ-
mental contexts, suggesting that both genetic back-
ground and local conditions may contribute to shaping 
host immune responses. Yunnan humped cattle and 
Simmental cattle exhibited distinct molecular response 
patterns during infection, particularly in pathways 

related to mucosal and innate immunity. Furthermore, 
we have identified a series of candidate genes and pro-
teins that were consistently more highly expressed in 
Yunnan humped cattle and are potentially involved 
in resistance to piroplasmosis. Although functional 
validation is still required, these candidate molecules 
provide promising targets for future studies aimed at 
elucidating resistance mechanisms and may serve as 
valuable resources for the development of disease-
resilient cattle through long-term breeding strategies.
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