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Abstract

Introduction: The diacylglycerol acyltransferase (DGAT) gene family, particularly DGATI and DGAT2, is
crucial in determining milk fat content, which affects both the nutritional quality and market value of dairy
products. DGAT enzymes catalyze the final step of triglyceride synthesis, a key process in lipid metabolism.
Understanding the genetic basis of milk fat synthesis is vital for improving dairy production efficiency and
improving milk’s health benefits. However, gaps in cattle-specific gene expression data, especially regarding
complex traits like milk fat synthesis and disease resistance, hinder genetic improvement efforts. Mastitis, a
common and costly dairy cattle disease, may be genetically linked to milk fat synthesis pathways, though these
interactions remain unclear. To address this, our study used a comparative genomics approach, analyzing gene
expression data from both cattle and humans to explore the association between DGAT genes and mastitis. This
research aimed to reveal genetic networks that could inform breeding strategies to boost milk quality, production
efficiency, and animal health.

Materials and methods: To conduct this comparative analysis, two gene expression datasets were retrieved from
the GEO/NCBI database: GSE24560 for cattle and GSE51874 for humans. These datasets were selected based on
their relevance to mastitis and the availability of high-quality gene expression data. The datasets underwent
rigorous preprocessing to ensure data quality and comparability. Differentially expressed genes (DEGs) were
identified using the LIMMA package in the R environment, which employs linear models to assess differential
expression. Clustering and principal component analysis (PCA) were performed to identify patterns and reduce
dimensionality in the gene expression data, facilitating the identification of co-expressed gene modules. Co-
expression networks were constructed and visualized using the WGCNA (Weighted Gene Co-expression Network
Analysis) package, which is designed to identify modules of highly correlated genes and relate them to external
traits. Functional enrichment analysis of the resulting networks was conducted using Enrichr, a comprehensive
gene set enrichment analysis tool. This analysis helped identify biological processes and pathways associated with
the DEGs, providing insights into the functional roles of the identified gene modules.

Results and discussion: In the human dataset, DGATI, DGAT2L6, and MOGAT1 were identified as hub genes,
indicating their central role in the co-expression networks. These genes are known to be involved in lipid
metabolism and triglyceride synthesis, supporting their relevance to milk fat content. In the cattle dataset, IL/B
and CXCL6 emerged as hub genes, highlighting their potential role in the inflammatory response associated with

" Corresponding author: s.ansari@cc.iut.ac.ir

" Corresponding author: mgahderi@yu.ac.ir



Nasr Esfahani et al.: A comparative analysis of gene co-expression networks in the diacylglycerol... 20

mastitis. Gene ontology (GO) analysis revealed a strong association with lipid metabolism, particularly in the
synthesis and metabolic processes of acyl glycerols and triglycerides. The most significantly enriched biological
processes included the biosynthetic process of acyl glycerol (GO:0046463), the biosynthetic process of monoacyl
glycerol (GO:0006640), and the biosynthetic process of triglyceride (GO:0019432), all of which exhibited low P-
values, indicating statistical significance. Despite these findings, the study did not establish a direct link between
milk fat in humans and mastitis in cattle. This lack of a straightforward correlation highlights the complexity of
genetic regulation across different species and biological contexts. While both datasets revealed hub genes and
pathways associated with lipid metabolism and inflammation, the specific interactions and regulatory mechanisms
appeared to be distinct. The number of modules created varied significantly between the cattle and human datasets.
In the cattle dataset, the co-expression network analysis identified several modules that were enriched for genes
involved in immune response and inflammation, reflecting the primary focus on mastitis. In contrast, the human
dataset modules were more diverse, including pathways related to lipid metabolism, cell signaling, and general
metabolic processes. This variability suggests that while there are shared genetic pathways, the organization and
regulation of these pathways differ between species. The discussion of extracting conserved modules was
inconclusive, further emphasizing the intricate nature of genetic networks. Conserved modules are groups of genes
that maintain their co-expression patterns across different species or conditions, indicating fundamental biological
processes. However, identifying such modules between cattle and humans proved challenging due to the
differences in gene expression profiles and the specific biological contexts of milk fat synthesis and mastitis. This
inconclusiveness underscores the need for more nuanced comparative analyses that account for species-specific
adaptations and the multifaceted nature of genetic regulation. Moreover, the study's findings suggest that while
there are shared genetic pathways involved in lipid metabolism and inflammation, the specific regulatory
mechanisms governing these pathways may differ between cattle and humans. For instance, the hub genes
identified in the cattle dataset, such as IL1B and CXCL6, are known for their roles in the inflammatory response,
which is crucial in the context of mastitis. In contrast, the human dataset highlighted genes like DGATI,
DGAT2L6, and MOGATI, which are more directly involved in lipid synthesis and metabolism. This difference
indicates that the regulatory networks controlling milk fat synthesis and mastitis resistance in cattle may have
evolved unique features that are not fully captured by human genetic data.

Conclusions: From a systems biology standpoint, the identification of hub genes provides important insights into
the regulatory genetic networks underlying milk production and its association with mastitis. These findings offer
a foundation for the development of targeted breeding strategies aimed at improving milk quality and reducing
mastitis incidence in cattle. Notably, hub genes such as DGAT1, DGAT2L6, and MOGATI in humans, and /ILIB
and CXCL6 in cattle, represent promising candidates for further functional validation through experimental
approaches, including gene knockout and overexpression studies. The co-expression networks and gene modules
identified herein establish a framework for future investigations into the broader genetic architecture governing
these complex traits, particularly concerning immune response, metabolic regulation, and cell signaling pathways.
Future research integrating multi-omics data, such as genomics, transcriptomics, proteomics, and metabolomics,
as well as comparative genomics analyses across mammalian species, may uncover additional regulatory
mechanisms and evolutionary adaptations relevant to milk production and disease resistance in cattle.
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Fig. 1. Box plot showing the expression levels of the DGAT/ gene in two groups: control (blue) and treatment
(yellow). The y-axis represents gene expression, with a slightly higher median expression in the treatment group

compared to the control group. The interquartile range (IQR) and whiskers indicate greater variability and spread in
DGATI expression within the treatment group. Notably, an outlier in the treatment group shows exceptionally high
gene expression in one sample. Overall, the data suggest that the treatment may increase DGAT/ gene expression and
enhance its variability (using data from GSE51874).
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Fig. 2. Box plot showing the expression levels of the DGAT2 gene in two groups: control (blue) and treatment
(yellow) . The y-axis represents gene expression, with a significantly higher median expression in the treatment

group compared to the control group. The interquartile range (IQR) in the treatment group is narrower, indicating
less variability in DGAT?2 expression within this group. Additionally, the treatment group contains outliers,
suggesting that some samples exhibit exceptionally high expression levels. Overall, the data indicate that the

treatment significantly increases DGAT2 gene expression while reducing its variability (using data from
GSE51874)
GSE51874).

05 ol ¥ ss7ee 355) e 5 (@) ol sams s lis 05,5 90 )0 1) DGAT2 (55 o gobaw slamaz loges -V JSi
05,5 ;3 (IQR) (Sl o el s 095 0 Zumad jlous 09,5 0 5Vb (298 JB b 0 Sl il b o oo (L
g 5 ot on® wgsl gl iiliegsS ool 5 DGATD ol 8 28 S iy oiimbglas 48 asl J b Jlows
ma ke a5 waas o plid beosls ( ISy o oYL s ls zobaw Sls adised 51 (S des o lis AT el Sy
slrosls jf oslial L) ams go (2alS |y o s b cye 55 5 w3 o Gl |, DGAT2 o5 oler strss S b
(GSE51874



w3yl Sl JgypuedS ol (60 00lgils 55 ylope loaSiud slaolie Judod g 45558 o), Ked g lgtol pai e Y#

Boxplot of DGAT2L3
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Fig. 3. Box plot showing the expression levels of the DGAT2L3 gene in two groups: control (blue) and treatment
(yellow). The y-axis represents gene expression, with a slightly higher median expression in the treatment group

compared to the control group. The interquartile range (IQR) is similar between the two groups, indicating
comparable variability in DGAT2L3 expression. Notably, the treatment group contains an outlier with a lower
expression level. Overall, the data suggest that the treatment may slightly increase DGAT2L3 gene expression, with
generally consistent variability between the groups (using data from GSE51874).
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Fig. 4. Box plot showing the expression levels of the DGAT2L4 gene in two groups: control (blue) and treatment
(yellow). The y-axis represents gene expression, with a higher median expression in the treatment group compared to the

control group. The interquartile range (IQR) is wider in the control group, indicating greater variability in DGAT2L4
expression within this group. Notably, the control group contains outliers with exceptionally high expression levels.
Overall, the data suggest that the treatment increases DGAT2L4 gene expression while reducing its variability (using data
from GSE51874).
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Fig. 5. Box plot showing a significant reduction in the expression levels of the DGAT2L6 gene in the treatment group
The y-axis represents gene expression. The median expression in the control group is .compared to the control group

approximately 0.5, with an interquartile range (IQR) from 0 to 1 and notable outliers, including one sample exceeding 2.
In contrast, the treatment group shows a median expression close to 0, with a much narrower IQR and fewer, less extreme
outliers. This indicates that the treatment significantly reduces DGAT2L6 gene expression and decreases variability
among samples, highlighting the substantial impact of the treatment on gene expression regulation (using data from
GSE51874).
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Fig. 6. Box plot showing the expression levels of the MOGAT gene in two groups: control and treatment. The y-axis

represents gene expression. The control group shows a median expression slightly above 6.5, with an interquartile
range (IQR) of approximately 6.2 to 6.7 and whiskers extending up to around 7.0. In contrast, the treatment group
exhibits a higher median expression close to 7.0, with a narrower IQR ranging from approximately 6.8 to 7.2 and
whiskers of similar spread. Both groups display outliers below the lower whiskers. These findings suggest that the
treatment increases the median expression of MOGAT! and reduces variability among samples, indicating a
significant upregulating effect of the treatment on MOGAT expression (using data from GSE51874).
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Fig. 7. Box plot showing the expression levels of the MOGAT2 gene in two groups: control and treatment. The y-axis

represents gene expression. The control group shows a median expression slightly below 4, with an interquartile range
(IQR) of approximately 3 to 4.5 and whiskers extending up to around 5. Notably, there is an outlier near 0. In contrast,
the treatment group exhibits a higher median expression close to 4.5, with a narrower IQR ranging from approximately 4
to 5 and whiskers of similar spread. These findings suggest that the treatment increases the median expression of
MOGAT?2 and reduces variability among samples, indicating an upregulating effect of the treatment on MOGAT2
expression (using data from GSE51874).
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Fig. 8. Box plot showing the expression levels of the MOGAT3 gene in two groups: control and treatment. The y-axis
represents gene expression. The control group shows a median expression close to 0, with minimal variability and one
outlier around 2. In contrast, the treatment group exhibits a higher median expression near 1, with an interquartile
range (IQR) of approximately 0.5 to 1.5 and whiskers extending up to around 3, along with several outliers. These
findings suggest that the treatment significantly increases the median expression of MOGAT3 and enhances variability
among samples, indicating a notable upregulating effect of the treatment on MOGAT3 expression (using data from
GSE51874).
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PCA with K-means Clustering
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Fig. 9. The resulting from PCA analysis on human data. This network illustrates the relationships between genes

based on their correlations. Nodes represent genes, and edges (connecting lines) indicate high correlations
between them. The color of the nodes is determined by their status (hub or non-hub), and the size of the nodes
reflects their degree of connectivity. This analysis is useful for identifying key genes and understanding the
interactions between them.
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Fig. 10. Schematic of a weighted gene co-expression network constructed on human data. The figure presents the results of

a weighted gene co-expression network analysis (WGCNA) applied to gene expression data. The network visualization
depicts genes as nodes, with edges representing co-expression relationships weighted by their correlation strength. Nodes
are color-coded to distinguish differentially expressed genes (DEGs), shown in red, from a subset of selected genes,
highlighted in turquoise. A dense cluster of DEGs is observed at the center of the network, indicating strong co-expression
relationships among these genes. Notable genes such as TRADD, LBR, and FNIP [ occupy prominent positions, suggesting
their potential roles as hub genes in this network. The selected genes, including DGAT2L3, DGATI, and MOGAT?2, are
dispersed throughout the network, reflecting their diverse interactions with DEGs.
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Gene Network with Clustering
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Fig. 1'1. Weighted gene co-expression network among modules (clusters) along with genes in each module. Figure

depicts a gene network resulting from WGCNA, with clustering applied to gene expression data. The network
visualization represents genes as nodes, with edges indicating co-expression relationships, and highlights the clustering
of genes into distinct groups. Nodes are color-coded based on their cluster assignment, with four identified clusters
shown in turquoise, yellow, purple, and red. The central cluster, primarily in turquoise, represents a dense

interconnection of genes, indicating strong co-expression relationships. Notable hub genes such as TRADD, LBR, and
FNIP1 occupy prominent positions within this cluster, underscoring their potential significance in the network. Other
clusters, though less densely connected, still exhibit meaningful interactions, with genes like MOGAT2, DGATI, and

MOGATS3 appearing across different clusters, reflecting their diverse roles and interactions within the network.
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Fig. 12. Weighted gene co-expression network within a module (cluster). Figure presents the results of WGCNA
performed on gene expression data, highlighting key gene networks and their hubs. The analysis identified four
distinct gene modules, each displayed in separate panels labeled 1 to 4. Within these modules, nodes represent
individual genes, and their size reflects the degree of connectivity (ranging from 10 to 30 connections). Hub
genes, which are centrally located in the network and likely play vital roles in the biological processes under
investigation, are marked with red triangles, while non-hub genes are represented by blue circles. Notable hub
genes include HAMP in module 1, LRP/ in module 2, CTPS2 in module 3, and ATOH?7 in module 4.
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Table 1. Gene clustering information

Gene name Cluster Hub
DGATI First yes
DGAT2L3 Second No
MOGAT3 First No
DGAT2L6 Third yes
DGAT2L4 Third No
MOGATI Second yes
DGAT2 Third No
MOGAT?2 First No
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Table 2. Supplementary characteristics of genes

Gene Cluster Degree Type

MLYCD First 35 Non-Hub
ECHI Second 36 Non-Hub
LBR Third 6 Non-Hub
ARSA Second 24 Non-Hub
FNDC4 Second 25 Non-Hub
SLAMFS8 First 34 Non-Hub
SLC25420 First 30 Non-Hub
DGAT2L3 Third 6 Non-Hub
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Gene Network with Clustering and Hubs
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Fig. 13. Gene interaction network based on the correlation of genes with DEGs in bovine data. Larger nodes
represent hub genes. In this Figure, genes identified as hubs are represented by larger and darker nodes. In the
margin of the network, hub genes are labeled as "TRUE," while other genes are labeled as "FALSE." This gene
network illustrates interactions among various genes in bovine mastitis, constructed using gene expression data.
Each node in the network represents a gene, and connecting lines indicate gene interactions. Genes are divided
into different clusters, represented by distinct colors, with cach cluster containing genes that interact more
closely with one another. Hub genes, depicted by larger and darker nodes, exhibit numerous interactions with
other genes, highlighting their crucial role in the network. The positions of genes in the network are determined

by mathematical calculations, and genes located closer to each other interact more frequently.
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Fig. 14. The network diagram emphasizes the central role of DGAT2L6, MOGATI, MOGATS3,
MOGAT2, DGATI, and DGAT?2 genes in lipid metabolism, underscoring their involvement in the
biosynthesis and metabolism of acylglycerols, monoacylglycerols, and triglycerides. These genes are
associated with key metabolic pathways, including glycerol lipid metabolism and retinol metabolism,
and are linked to phenotypic traits such as reduced triglyceride levels, abnormal epidermal
morphology, decreased body fat, and increased oxygen consumption. The interconnectedness of these
genes with multiple biological processes and phenotypic traits highlights their importance in lipid
metabolism and related physiological functions.
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Table 3. Gene ontology enrichment and metabolic pathway analysis for highly associated genes in human data

Term Library P-value g-value Z-score  Combined score
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