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Summary
Gene co-expression network analysis of transcriptome data has enabled the identification of key
genes and important networks underlying complex production and disease traits. This study used
weighted gene co-expression network analysis (WGCNA) approach to (1) detect modules or
clusters of differentially expressed genes (DEG) with similar expression patterns in calf rumen
transcriptome during pre- and post-weaning periods and (2) identify regulatory mechanisms
linking gene modules to relevant phenotypes, notably during pre-weaning period (day 33 [d33]):
weight gain (BWT_d33), average daily gain (ADG_d33), blood glucose (Glucose_d33) and β-
hydroxybutyrate (BHB_d33) concentrations and post-weaning period (d96): weight gain
(BWT_d96), average daily gain (ADG_d96), blood glucose (Glucose_d96) and β-
hydroxybutyrate (BHB_d96) concentrations, dry matter intake (DMI_d96) and feed efficiency
(FE_d96). Rumen tissues were collected from sixteen calves on d33 and another 16 on d96 for
whole transcriptome sequencing followed by bioinformatics processing and DEG analysis. A
total of 4,104 DEG between d33 and d96 were used as input for WGCNA analysis. WGCNA
identified ten co-expressed gene modules and among them, six were significantly correlated with
at least one phenotype (p<0.05). The BLACK module was the most important being significantly
correlated with DMI_d96, ADG_d96 and Glucose_d96. The BLACK module genes (n=269)
were significantly enriched for biological processes related to growth and lipid metabolism as
well as pathways related to longevity, glucose metabolism and hormone regulation. The BROWN
(494 genes) and PINK (508 genes) modules were significantly correlated with BHB_d96 and
their genes were significantly enriched for pathways related to rumen functions in response to
diet. MAGENTA (155 genes) and ROYALBLUE (40 genes) modules were significantly
correlated with Glucose_d33 and their genes were enriched for immune function related
pathways. The TURQUOISE module was significantly associated with Glucose_d96 and its
genes (n=1,623) were enriched for many processes such as translation, signal transduction, cell
communication, protein catabolic process and fatty acid oxidation. In conclusion, this study
provides an insight on gene clusters or networks and pathways involved in rumen development.
However, further studies are required to characterize the identified gene networks and pathways.
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Introduction
After birth, young calves undergo major physiological and functional changes in their rumen in
order to adapt to dietary changes (Guilloteau et al., 2009). These developmental transitions are
accompanied by rapid changes in gene expression (Turner et al., 2014). Previously, we reported a
large number (4,104) of significantly DEG between rumen tissues of calves collected on day 33
(d33) (pre-weaning period) and d96 (post-weaning period) (Ibeagha-Awemu et al., 2017). Since



genes can interact with each other in networks to influence biological processes and consequently
phenotypic expression of traits, it is important to understand how these DEG interacted with each
other to adapt rumen’s response to developmental signals and dietary changes, and relationship
with phenotypic outcome. Network approaches are powerful tools in the exploration of the
biological mechanisms underlying complex traits (Cho et al. 2012). This study aimed to (i)
identify modules (clusters) of similarly expressed DEG in rumen tissues of calves between pre-
weaning (d33) and post-weaning (d96) periods using weighted gene co-expression network
analysis (WGCNA), (ii) correlate important modules with relevant phenotypes and (iii) explore
the biological processes and pathways involved in rumen development.

Materials and methods
Animals and management
Animal management has been described previously (Ibeagha-Awemu et al., 2017). Briefly, 32
Holstein calves (~5 days old) were housed in individual pens and raised following standard
management procedures for 96 days (experiment d1 to d96). On experiment d33 (pre-weaning),
16 calves were humanely euthanized and another 16 on d96 (post-weaning) for collection of
rumen tissues. Body weight (BWT), dry matter intake (DMI), average daily gain (ADG)
measurements and blood for measurement of glucose (Glucose) and β-hydroxybutyrate (BHB)
were also taken on d33 and d96.
Total RNA isolation, sequencing and differential gene expression analysis

Methods for RNA isolation, library preparation and RNA-sequencing have been reported

previously (Ibeagha-Awemu et al. 2017). Briefly, total RNA from rumen tissue (30 mg/sample)

was purified using miRNeasy Kit (Qiagen Inc., Canada). Sequencing libraries were generated

and subjected to 126 bp paired end sequencing on an Illumina HiSeq 2500 System. Sequence

files were processed using a pipeline developed by McGill University and Genome Quebec

Innovation Centre (MUGQIC, http://gqinnovationcenter.com/). DEG analysis was accomplished

with DeSeq2 v1.14.4, and the differences in gene expression between d33 and d96 were

considered significant at Benjamini and Hochberg corrected p-value < 0.05.

Weighted gene co-expression network and enrichment analyses
The WGCNA R-package (Langfelder and Horvath, 2008) was used for gene co-expression
network analysis. The input for co-expression analysis was normalized data of DEG (4,104)
between d33 and d96. To construct the network, an adjacency matrix was generated by
calculating Pearson’s correlation between all DEG and raising it to a power β of 9. Then, genes
were clustered using degree of overlap in shared neighbors between them. Module-trait
relationship was computed based on Pearson’s correlation between the module eigengene and
measured phenotypes. A module was selected for further analysis if the p-value of correlation
with traits was <0.05. Genes in selected modules were enriched for biological processes
(BP_GO) and molecular function (MF_GO) gene ontology (GO) terms and KEGG pathways
using ClueGO (Bindea et al., 2009).

Results and discussion
Using the WGCNA approach, we identified ten co-expressed gene modules (Figure 1). The
GREY module clusters unassigned genes and was not further discussed. The number of genes
assigned to modules (module membership) ranged from 40 (ROYALBLUE module) to 1,623
(TURQUOISE module) (Table 1). Results of the correlations between module eigengene values

http://gqinnovationcenter.com/


with traits are shown in (Figure 1). Six modules (BLACK, BROWN, MAGENTA, PINK,
ROYALBLUE and TURQUOISE) were significantly correlated with at least one trait (p < 0.05).

The BLACK module was interesting being significantly correlated with DMI_d96, ADG_d96
and Glucose_d96 (Figure 1, Table 1). The BLACK module with 269 gene members had
ENSBTAG00000046095 (novel gene) as its hub gene (has most connections with other genes in
the module). A total of 294 BP_GO, 27 MF_GO and 26 KEGG pathways were enriched for
BLACK module genes. Many enriched BP_GO terms, including “multicellular organism growth”
(p=0.0004) are related to regulation of growth and developmental processes. The most important
MF_GO term “ubiquitin-like protein ligase binding” (p=0.0011) highlights the importance of
protein metabolism related genes in rumen development. Glutamatergic synapse, the most
significantly enriched pathway for BLACK module, is important for glucose metabolism
(Pellerin and Magistretti, 1994) supporting significant correlation of BLACK module with
Glucose_d96 (Table 1). Lipid metabolism related pathways (PPAR signaling, regulation of
lipolysis in adipocytes, glycerophospholipid metabolism and biosynthesis of unsaturated fatty
acids) were significantly enriched for BLACK module genes. Lipid metabolism is an important
process in the rumen and differences in diet significantly account for regulation of lipid
metabolism (Jenkins, 1993). Interestingly, we also found that the BLACK module was
significantly related to DMI_d96. Since calves were fed solid feed after weaning, a switch was
expected in genes related to diet response.

The BROWN (494 genes, hub gene = SLC9A3) and PINK (508 genes, hub gene =

PYGM) modules were significantly correlated with BHB_d96 (Table 1). A total of 44 BP_GO,

21 MF_GO and 14 KEGG pathways were enriched for BROWN module genes and

“keratinocyte differentiation”, “transcription cofactor activity” and “glycosaminoglycan

biosynthesis” were the most significantly enriched BP_GO, MF_GO terms and KEGG pathway,

Figure 1: A matrix of module-trait relationships (MTRs) (correlation coefficients) and corresponding p-values

(in brackets) between modules on the y-axis and measured traits on the x-axis. The MTRs are colored based on

their correlation: red is a strong positive correlation, while green is a strong negative correlation.



respectively. Previous studies in rumen have shown enrichment of keratinocyte differentiation

GO term (Norouzian and Valizadeh, 2014) and glycosaminoglycan biosynthesis pathway (Naeem

et al., 2014) in response to different diet conditions. Circulating BHB levels is considered an

indicator of rumen development in pre-ruminant calves (Deelen et al., 2016) and increasing BHB

concentration with age of calf is mainly due to ruminal adaptation to a shift in the sources of

physiological fuel during the transition from liquid to solid diets.

Table 1. Summary of enrichment results for selected gene co-expression modules

Module No. genes &
hub genes

Correlated
traits

Top 2 BP_GO terms Top 2 MF_GO terms Top 2 KEGG
pathways

BLACK 269
ENSBTAG-
0000004609
5

DMI_d96,
ADG_d96
Glucose_d96

.-Multicellular
organism growth,
Inositol lipid-mediated
signaling.

-Ubiquitin-like protein
ligase binding,
Ubiquitin protein
ligase binding.

-Glutamatergic
synapse, Longevity
regulating pathway.

BROWN 494
SLC9A3

BHB_d96 -Keratinocyte
differentiation,
Chromatin
modification,

-Transcription cofactor
activity, Transcription
coactivator activity.

-
Glycosaminoglycan
biosynthesis,
Lysine degradation.

MAGENTA 155
CLCA4

Glucose_d33 -B cell receptor
signaling pathway, -
Antigen receptor-
mediated signaling
pathway.

-Monocarboxylic acid
binding, Fatty acid
binding.

-B cell receptor
signaling pathway,
Hematopoietic cell
lineage.

PINK 508
PYGM

BHB_d96 -Protein modification,
Protein ubiquitination.

-Poly(a) RNA binding,
RNA binding.

-Spliceosome,
Insulin resistance,

ROYALBLUE 40
ENSBTAG-
0000003817
3

Glucose_d33 -G2/M transition of
mitotic cell cycle,
Nucleosome assembly.

NA NA

TURQUOISE 1,623
ENSBTAG-
0000000185
2

Glucose_d96 -Amide biosynthetic
process, Peptide
biosynthetic process.

-RNA binding,
Poly(a) RNA binding,
Oxidoreductase
activity.

-Ribosome,
Synthesis and
degradation of
ketone bodies,
valine.

The MAGENTA (115 genes) and ROYALBLUE (40 genes) modules were significantly
correlated with Glucose_d33. “B cell receptor signaling pathway was the most enriched BP_GO
term and KEGG pathway while “monocarboxylic acid binding” was the most enriched MF_GO
term for MAGENTA module genes. Enriched B cell receptor signaling indicates the importance
of immunity related processes in rumen development. The importance of immune processes in
rumen development in calves is well documented (Hulbert and Moisá, 2016). The TURQUOISE
module was the largest module with 1,623 genes and significantly associated with Glucose_d96.
TURQUOISE genes were enriched for 155 BP_GO, 16 MF_GO and 11 KEGG pathways.
Enriched GO terms are involved in many processes such as “translation”, “signal transduction”,
“cell communication”, “protein catabolic process”, “fatty acid oxidation”, etc., suggesting diverse
functions for TURQUOISE module genes. The most enriched TURQUOISE pathway was



“ribosomes” (p=8.63E-03), responsible for protein synthesis. A notable enriched TURQUOISE
pathway was “glyoxylate and dicarboxylate metabolism”, suggested as a mechanism linking
active rumen microbiome and feed efficiency (Li and Guan, 2017).

Acknowledgement
Funding for this study was provided by Agriculture and Agri-Food Canada.

List of References
Bindea, G., Mlecnik, B., Hackl, H., Charoentong, P., Tosolini, M., Kirilovsky, A., Fridman,
W.H., Pagès, F., Trajanoski, Z. & Galon, J., 2009 . ClueGO: a Cytoscape plug-in to decipher
functionally grouped gene ontology and pathway annotation networks. Bioinformatics 25:
1091-1093.

Cho D.Y., Kim Y.A. & Przytycka TM (2012) Chapter 5: Network biology approach to complex
diseases. PLoS Comput. Biol. 8: e1002820.

Deelen, S. M., K. E. Leslie, M. A. Steele, E. Eckert, H. E. Brown, & T. J. DeVries. 2016.
Validation of a calf-side β-hydroxybutyrate test and its utility for estimation of starter intake in
dairy calves around weaning. J. Dairy Sci. 99: 7624-7633.

Guilloteau, P., R. Zabielski, & J. W. Blum. 2009. Gastrointestinal tract and digestion in the young
ruminant: ontogenesis, adaptations, consequences and manipulations. J. Physiol. Pharmacol.
60 Suppl 3: 37-46.

Hulbert, L. E., & S. J. Moisá. 2016. Stress, immunity, and the management of calves. J. Dairy
Sci. 99: 3199-3216.

Ibeagha-Awemu, E. M., D. N. Do, P.-L. Dudemaine, B. E. Fomenky, & N. Bissonnette. 2017.
Integration of lncRNA and mRNA transcriptome analysis reveals genes and pathways
potentially involved in calves’ intestinal growth and development during the early weeks of
life. Genes (Submitted).

Jenkins, T. 1993. Lipid metabolism in the rumen. J. Dairy Sci. 76: 3851-3863.
Langfelder, P., & S. Horvath. 2008. WGCNA: an R package for weighted correlation network

analysis. BMC Bioinformatics 9.
Li, F & Guan, L.L. 2017. Metatranscriptomic profiling reveals linkages between the active

rumen microbiome and feed efficiency in beef cattle. Appl. Environ. Microbiol. 83: e00061-
00017.

Naeem, A., Drackley, J.K., Lanier, J.S., Everts, R.E., Rodriguez-Zas, S.L. & Loor, J.J. 2014.
Ruminal epithelium transcriptome dynamics in response to plane of nutrition and age in young
Holstein calves.Funct. Integr. Genomics 14: 261-273.

Norouzian, M., & R. Valizadeh. 2014. Effect of forage inclusion and particle size in diets of
neonatal lambs on performance and rumen development. J. Anim. Physiol. Anim. Nutr.
98:1095-1101.

Pellerin, L. & P. J. Magistretti. 1994. Glutamate uptake into astrocytes stimulates aerobic
glycolysis: a mechanism coupling neuronal activity to glucose utilization. PNAS 91:10625-
10629.

Turner, M., Galloway A., & E. Vigorito. 2014. Noncoding RNA and its associated proteins as
regulatory elements of the immune system. Nat. Immunol. 15:484-491.


