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Mastitis is one of the most serious challenges confronting the dairy industry, yet gene
regulatory mechanisms underlying the host response to Prototheca spp., which are
emerging pathogens of mastitis, remain poorly understood. This study aimed to apply
an integrative bioinformatics framework—including comparative transcriptome
analysis, weighted gene co-expression network analysis, and bipartite regulatory
network—to identify key co-expression modules with increased or decreased
expression that are involved in gene regulatory mechanisms in the somatic milk cells
of two groups of Holstein dairy cattle: mastitis-affected (n=8) and healthy (n=7).
Genes exhibiting increased or decreased expression were analyzed separately
(FC>2and<—2, FDR<0.05), and bipartite regulatory networks were reconstructed
independently for each group. The upregulated hub co-expression module comprised
13 hub genes (POU2AF1, FCRL5, JCHAIN, CD19, MS4Al, CD79A, IL17A, IFNG,
PAX5, CXCR5, TNFRSF13C, CD79B, and CD22) and two hub miRNAs (bta-miR-
2404 and bta-miR-2887). These genes and miRNAs were predominantly associated
with host defense mechanisms, immune system activation through inflammatory
regulation, adaptive immunity, B- and T-cell responses, and the IL-17 signaling
pathway. In contrast, the downregulated hub co-expression module consisted of six
hub genes (CSN1S1, CSN1S2, CSN2, BTN1A1, LALBA, and PLIN2) and six hub
miRNAs (bta-miR-2462, bta-miR-34a, bta-miR-1434, bta-miR-12001, bta-miR-
11981, and bta-miR-1835). These elements were primarily involved in the regulation
of milk synthesis and its components, physiological processes, and the glucagon
signaling pathway. Overall, these findings provide a valuable foundation for
identifying regulatory mechanisms associated with susceptibility or resistance to
bovine mastitis caused by Prototheca spp., with potential applications in genetic
improvement and breeding strategies.
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Extended Abstract
Introduction

Mastitis is one of the major health challenges in dairy herds, typically arising from the invasion of a
wide range of microorganisms into the mammary gland, which leads to intramammary infections (IMI) and
inflammatory responses. Beyond its detrimental effects on animal welfare, mastitis causes substantial
economic losses to dairy producers due to decreased milk yield and altered milk composition, increased
veterinary and treatment costs, and the premature culling of chronically affected cows. Over the past two
decades, the prevalence of Prototheca spp. microalgae have increased steadily, establishing them as emerging
mastitis pathogens in dairy herds. Owing to their intrinsic resistance to antimicrobial treatment, the difficult to
diagnose Prototheca-associated infections are frequently persistent, and often overlooked. In this context, RNA
sequencing (RNA-seq) and transcriptomic profiling represent powerful tools for elucidating complex host-
pathogen interactions. However, to date, comprehensive studies integrating co-expression module analysis and
the reconstruction of multi-partite regulatory networks to elucidate gene regulatory mechanisms associated
with Prototheca spp. infection in milk somatic cells have not been conducted. Therefore, the objective of this
study was to systematically characterize the transcriptomic response of mammary tissue to Prototheca spp.
infection in Holstein dairy cows. Using an integrative, multi-partite analytical framework, including
comparative RNA-seq analysis, weighted gene co-expression network analysis (WGCNA), and bipartite
miRNA-mMRNA regulatory network reconstruction, we aimed to identify key hub co-expression modules,
regulatory transcripts, and associated functional pathways. Ultimately, this study provides deeper genetic
insight into bovine mastitis caused by Prototheca spp. and supports the development of informed breeding
strategies to select cows with enhanced resistance as parents of the next generations.

Materials and Methods

This study analyzed RNA-seq data derived from milk somatic cell samples of Holstein dairy cows,
comprising two groups: mastitis-affected cows infected with Prototheca spp. and healthy control cows. The
dataset, corresponding to project number PRINA911953, is publicly available in the GEO database from NCBI
and includes 15 biological replicates (eight clinical mastitis and seven healthy samples). The quality of raw
sequencing reads was initially assessed using FastQC, followed by adapter trimming and removal of low-
quality reads using Trimmomatic. Cleaned reads were then aligned to the bovine reference genome (Bos taurus)
using HISATZ2, and gene-level read counts were generated with featureCounts. Differential expression analysis
of transcripts, including both mRNAs and miRNAs, was performed using the DESeq2 package. To stabilize
variance and facilitate downstream co-expression network analyses, Variance Stabilizing Transformation
(VST) normalization was applied using the vst(blind = TRUE) function. Weighted gene co-expression network
analysis (WGCNA) was conducted in the R software environment. The optimal soft-thresholding power was
determined using the pickSoftThreshold function with powers ranging from 1 to 20 and networkType =
"signed". A soft-threshold power of B = 19 was selected based on achieving a scale-free topology fit index (R?)
was > 0.8 in conjunction with an appropriate mean connectivity profile. Gene Ontology (GO) and pathway
enrichment analyses were performed to identify significantly enriched biological processes and metabolic-
signaling pathways using the DAVID online tool and the STRING database. Statistical significance was
determined using a false discovery rate (FDR) threshold of < 0.05, adjusted by the Benjamini—Hochberg
method. To further elucidate the regulatory mechanisms underlying bovine mastitis caused by Prototheca spp.,
an integrated mMRNA-ncRNA regulatory network framework was constructed. This framework incorporated
protein—protein interaction data and miRNA-target gene interactions to investigate molecular relationships and
regulatory patterns influencing gene expression in bovine mastitis. Network visualization and analysis were
performed using Cytoscape software.

Results and Discussion

Following quality control confirmation, differential expression analysis was conducted to identify
transcripts exhibiting significant expression changes between cows with clinical mastitis and healthy cows. In
total, 6,726 genes showed significant differential expression (P < 0.05). Based on the defined thresholds (|log:
fold change| > 2 and FDR < 0.05), 119 mRNAs, five miRNAs, and four IncRNAs were significantly
upregulated, while 181 mRNAs, nine miRNAs, and 10 IncRNAs were significantly downregulated in cows
with clinical mastitis compared with healthy controls. Analysis of chromosomal distribution revealed non-
uniform transcript abundance patterns, indicating that certain chromosomes—particularly chromosomes 2 and
5—acted as hub chromosomes, each harboring 28 differentially expressed transcripts involved in regulating
molecular responses to mastitis-associated IMIs. To satisfy the criterion of approximate scale-free topology in
co-expression network construction, the soft-thresholding power () was set to 19, achieving a scale-free
topology fit index (R?) > 0.80. Using clinical mastitis samples as the reference set, hierarchical clustering
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combined with the Dynamic Tree Cut algorithm identified 19 distinct co-expression modules. Integration of
comparative transcriptome analysis with co-expression network results revealed 104 and 135 overlapping
genes between the lists of upregulated and downregulated genes and their corresponding co-expressed
modules, respectively. Based on experimentally supported and predicted miRNA-mRNA interactions,
bipartite miRNA-mRNA regulatory networks were subsequently reconstructed for both upregulated and
downregulated transcript sets. Within the regulatory co-expression network associated with upregulated genes,
13 hub mRNAs (POU2AF1, FCRL5, JCHAIN, CD19, MS4Al1, CD79A, IL17A, IFNG, PAX5, CXCR5,
TNFRSF13C, CD79B, and CD22) and two hub miRNAs (bta-miR-2404 and bta-miR-2887) were identified.
These hub transcripts were predominantly involved in host defense responses, immune system activation
through the regulation of inflammatory processes, B- and T-cell activity, cytokine—cytokine receptor
interactions, and the IL-17 signaling pathway. Collectively, they play a critical role in adaptive immunity by
enhancing immune preparedness and facilitating effective responses against pathogenic invasion. Conversely,
the regulatory co-expression network associated with downregulated genes revealed six hub mRNAs (CSN1S1,
CSN1S2, CSN2, BTN1A1L, LALBA, and PLIN2) and six hub miRNAs (bta-miR-2462, bta-miR-34a, bta-miR-
1434, bta-miR-12001, bta-miR-11981, and bta-miR-1835). These downregulated transcripts were primarily
associated with the regulation of milk synthesis and its components, maintenance of mammary tissue function,
and hormonal signaling pathways—particularly those involving progesterone and estradiol—that govern
mammary epithelial cell growth and differentiation. Additionally, these transcripts were linked to the glucagon
signaling pathway, which is known to suppress milk protein synthesis and disrupt glucose metabolism during
mastitis.

Conclusion

The findings of this study demonstrate that an integrative bioinformatics approach is effective in
identifying key hub co-expression modules, hub transcripts (MRNAs and miRNAs), and functional pathways
associated with bovine mastitis caused by Prototheca spp., thereby providing novel insights into the genetic
architecture and gene regulatory mechanisms underlying this disease. These results enhance our understanding
of host responses to Prototheca-induced mastitis and highlight potential molecular targets associated with
resistance or susceptibility. However, to translate these findings into practical breeding strategies aimed at
improving herd resistance and identifying mastitis-susceptible dairy cows, further investigations involving
larger populations, independent datasets, and experimental validation of the identified hub transcripts are
required.
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Figure 1. Quality of RNA-Seq data and differential expression patterns. (A) Principal component analysis (PCA) confirms the separation of
mastitis-affected (red) and healthy (green) groups based on transcript expression levels. (B) The hierarchical clustering dendrogram
of samples based on 500 significantly differentially expressed transcripts demonstrates complete separation of the groups. (C) The
heatmap displays co-expression patterns and shows red shading (upregulation) and blue shading (downregulation). (D) The boxplot
with the variance-stabilizing transformation (VST)-normalized distribution shows homogeneity of expression among samples. (E)
The boxplot of the 20 transcripts with the highest variance between the mastitis and healthy groups is shown on the VST scale. (F)
The volcano plot identifies significantly differentially expressed genes with log2FC > +2 and false discovery rate (FDR) < 0.05.
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Table 1. Significantly differentially expressed miRNAs identified between two groups of milk somatic cell samples from Holstein dairy cows:
those with mastitis caused by Prototheca spp. and healthy samples.
miRNA miRNA

miRNA name Chromosome Fold Change  Up/Down Regulation  p_value FDR
start (bp) end (bp)
bta-miR-2462 7 80356568 80356636 -2.5582 Down 0.0011 0.0107
bta-miR-12001 5 109644749 109644808 -1.8146 Down 0.0051 0.0327
bta-miR-11981 26 32727287 32727356 -1.6839 Down 0.0032 0.0234
bta-miR-146a 7 72071548 72071646 -1.5681 Down 0.0076 0.0441
bta-miR-1434 7 20030713 20030785 -1.5381 Down 0.0053 0.0341
bta-miR-1835 5 75672810 75672872 -1.3583 Down 0.0039 0.0275
bta-miR-34a 16 44308925 44309031 -1.3182 Down 6.80E-07  3.12E-05
bta-miR-2352 2 24156202 24156277 -1.0721 Down 0.0054 0.0345
bta-miR-6524 26 31451966 31452046 1.1015 Up 1.79E-07  1.05E-05
bta-miR-2285am 22 21806576 21806653 1.1179 Up 0.0056 0.0351
bta-miR-2404 29 1089784 1089849 1.5362 Up 0.0068 0.0408
bta-miR-2887 2 121575106 121575162 2.3013 Up 0.0036 0.0257
bta-miR-2887 27 6217555 6217611 5.8095 Up 5.97E-10  8.36E-08
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Table 2. Significantly differentially expressed IncRNAs identified between two groups of milk somatic cell samples from Holstein dairy cows:
those with mastitis caused by Prototheca spp. and healthy samples.
INcRNA IncRNA Fold Up/Down

IncRNA IDs Chromosome start (bp) end (bp) Change Regulation p_value FDR
ENSBTAG00000048091 11 103237672 103244099 -4,9471 Down 3.59E-07 1.87E-05
ENSBTAG00000050065 20 70031193 70034451 -3.0546 Down 1.26E-09 1.57E-07
ENSBTAG00000053803 28 24209265 24242362 -2.8115 Down 0.0055 0.0349
ENSBTAG00000027341 4 105099902 105101646 -2.3217 Down 0.0017 0.0151
ENSBTAG00000053059 22 13765118 13780782 -2.2223 Down 0.0074 0.0433
ENSBTAG00000053609 7 82850470 82877828 -2.2096 Down 0.0038 0.0269
ENSBTAG00000051207 6 116424941 116427738 -1.7952 Down 0.0028 0.0217
ENSBTAG00000051564 3 107852151 107920485 -1.4771 Down 0.0006 0.0068
ENSBTAG00000053758 22 15126319 15149248 -1.1359 Down 0.0084 0.0476
ENSBTAG00000049314 3 119851899 119863481 -1.1225 Down 0.0018 0.0153
ENSBTAG00000055219 11 89884158 89886970 1.1985 Up 0.0088 0.0489
ENSBTAG00000049639 18 11940991 11943589 1.7145 Up 0.0003 0.0047
ENSBTAG00000048719 5 85456262 85627795 2.0532 Up 0.0028 0.0215
ENSBTAG00000053850 25 25899988 25904843 3.4062 Up 8.52E-15 7.06E-12
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Figure 2. Circos plot illustrating the chromosomal localization and distribution of significantly differentially expressed transcripts in a
comparative analysis of transcriptomic profiles between mastitis-affected and healthy samples in Holstein dairy cows.
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Figure 3. Gene co-expression modules grouping reliably expressed genes (read counts >10 in more than 3 samples) into 22 modules. (A) A

value of 19 was determined as the soft-thresholding power. (B) The height (y-axis) represents co-expression distance, and the x-axis

corresponds to genes. Colors indicate 19 modules. The grey module represents genes that were not assigned to any of the 19 modules.

(C) Module-trait relationships between the identified modules and treatment groups (mastitis group samples vs. healthy group

samples). Correlations between traits and module eigengenes were used to calculate the relationships. Red indicates a strong positive

correlation, whereas blue indicates a strong negative correlation. Rows represent modules, and columns represent treatment groups.
The first row in each cell indicates the correlation, and the second row indicates the significance level (p-value).
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Figure 4. Venn diagram of significantly differentially expressed genes for the identification of common genes. (A) Common genes identified
between upregulated genes in comparative transcriptome analysis and genes associated with modules showing increased co-

expression. (B) Common genes identified between downregulated genes in comparative transcriptome analysis and genes associated
with modules showing decreased co-expression.
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Figure 5. Venn diagram of the results obtained from functional enrichment analysis for the identification of common functional pathways.
(A) Common functional pathways identified between upregulated genes from comparative transcriptome analysis and common
genes identified between the two methods of comparative transcriptome analysis and weighted gene co-expression network analysis.
(B) Common functional pathways identified between downregulated genes from comparative transcriptome analysis and common
genes identified between the two methods of comparative transcriptome analysis and weighted gene co-expression network analysis.
(C) Common functional pathways identified between upregulated genes from comparative transcriptome analysis and genes of each
of the modules showing increased co-expression derived from weighted gene co-expression network analysis. (D) Common
functional pathways identified between downregulated genes from comparative transcriptome analysis and genes of each of the
modules showing decreased co-expression derived from weighted gene co-expression network analysis.
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