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Abstract 

Lactation in dairy cattle is coupled with increased nutrient requirements for 
milk synthesis. Therefore, dairy cattle metabolism has to adapt to meet lacta-
tion-associated challenges and requires major functional adjustments of the 
rumen and whole digestive system. This report describes the use of 
next-generation sequencing technology for assembly and profiling of the 
transcriptome of cattle rumen epithelial tissues from cattle in both dry and 
lactation periods. Transcriptomics profiling and comparison revealed exten-
sive changes in gene expression related to metabolism in rumen epithelial tis-
sue due to the adaptation to lactation. Ruminal epithelial adaptation to the 
challenges of metabolism and high nutrient requirements during lactation is 
presumably the primary triggers for these alterations in gene expression. 
Principal component analysis (PCA) indicated that the gene expression pro-
files of the rumen epithelia from dry and lactating cattle fall into two very dis-
tinct clusters. Gene Ontology (GO) enrichment analysis revealed that the 
most GO terms were related to various metabolic processes in lactating cattle. 
The most significantly (false discovery rate (FDR) p-value < 0.05) enriched 
GO term in biological processes was “carbohydrate derivative metabolic 
process”, followed by “nucleoside metabolic process”. Up-stream regulators, 
such as PPARA (Peroxisome proliferator-activated receptor alpha) gene, and 
up-regulated genes of molecular transporters are the focal points of this re-
port. 
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1. Introduction 

Lactation in dairy cattle is inextricably coupled with an increased nutrient re-
quirement to support milk synthesis. Therefore, along with massive increases in 
feed intake the underlying metabolism of the cow must adapt to lacta-
tion-associated challenges and requires major functional adjustments of the ru-
men and the entire digestive system. Dairy cattle are typically fed a ration with 
low to moderate fermentability during the early dry period (non-lactating) and 
with increased fermentability as the cows near parturition. After parturition of 
course, diet fermentability is further increased to meet the energy demands aris-
ing from the onset of lactation [1]. Therefore, the rumen epithelium is faced 
with an ever-changing ruminal environment and thus, metabolic reprogram-
ming of the rumen epithelial cells is likely characterized by alterations in the 
regulation of pathways in order to provide the cow with vital energy and meta-
bolites to support the physiologic state.  

As the consequence of feeding highly fermentable diets to ruminants to in-
crease energy intake during lactation period, an increase in short-chain fatty acid 
(SCFAs; acetate, propionate, and butyrate) production and a reduced ruminal 
pH create challenges to metabolism and the regulation of intracellular pH ho-
meostasis of the ruminal epithelia [2]. The epithelia respond to these challenges 
in a coordinated manner. An enlargement of the absorptive surface area is well 
documented [2], but emerging evidence indicates that changes in epithelial cell 
functions may be the initial response [3]. The SCFAs are important nutrients in 
ruminants. SCFAs are produced during the microbial fermentation of dietary 
fiber in the gastrointestinal tract and are directly absorbed at the site of produc-
tion and oxidized for cell energy production and use [4]. The rumen is the site of 
microbial fermentation of dietary fiber to SCFA, and it functions as the focal 
point of energy digestion and absorption of the ruminant gastrointestinal tract. 
SCFAs are absorbed by the rumen epithelium and account for over 70% of the 
total energy requirements available for the cow [3] [5] [6]. It is very reasonable 
to assume that rumen epithelial adaptation to the challenges of metabolism and 
the high nutrient requirement during lactation is a primary trigger for altera-
tions in genetic activities, and gene expression in particular. However, little was 
known regarding the rumen epithelial transcriptome, changes induced by lacta-
tion, as well as functional adaptation of the rumen epithelium after the transition 
until recently. A published report using a micro array to characterize the adapta-
tion of the rumen epithelium during transition, mRNA profiling identified a to-
tal of 1011 (−3 vs. +1 wk) and 729 (−3 vs. +6 wk) differentially expressed genes 
[7]. In another report, a total of 35 genes associated with metabolism, transport, 
inflammation, and signaling were evaluated by quantitative reverse transcrip-
tion-PCR and to investigate the changes in rumen microbiota, gene expression 
of the ruminal epithelium, and blood biomarkers of metabolism and inflamma-
tion during the transition period. The results indicated that alterations in ru-
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minal epithelium gene expression could be driven by nutrient intake-induced 
changes in microbes; microbial metabolism; and the systemic metabolic, hor-
monal, and immune changes [8]. 

High-throughput sequencing of RNA (RNA-Seq) is an efficient way of map-
ping and quantifying transcriptome and was developed to help analyze global 
gene expression in cells and tissues. Unlike microarray or PCR based transcrip-
tomic analysis, RNA-Seq does not use a pre-defined set of probes to capture and 
quantify RNA sequences within a sample. Therefore RNA-Seq can be used to 
investigate both known and novel transcripts. A further advantage of RNA-Seq 
is a large dynamic range of expression levels. In this report, we used 
next-generation sequencing technology to assemble and to profile and compare 
the transcriptome of cattle rumen epithelial tissues from cattle in either their dry 
or lactation periods. Our data indicated substantial dynamics of gene expression 
during the dry and lactation periods, thereby supporting the importance of as-
sessment of rumen epithelial metabolism by molecular methods. This study also 
provides crucial information to support further exploration of the functional 
adaptation of epithelial cells to the challenge of the nutritional requirements for 
lactation. 

2. Materials and Methods 

2.1. Animals, Experimental Treatments 

All animal care and handling were conducted according to the guidelines ap-
proved by the USDA Beltsville Area Institutional Animal Care Committee. Four 
first lactation cows (about 3 years old) were selected randomly from the Belts-
ville Dairy Herd. Cows were ruminally cannulated as previously described (Li et 
al., 2012, Baldwin et al., 2012) during second week of the dry period. Samples of 
ruminal tissue were collected from cows during their second lactation (approx-
imate 200 days in milk) and Dry cow samples collected during the dry period 
between their 2nd and 3rd lactation. Mid-lactation dairy cows were fed ad libitum 
the standard lactation rations with approximately 50% corn silage and 50% con-
centrate on a dry matter basis (53.3% DM, 16.4% CP, 65.5% Degradable protein 
and an NEL of 1.7 Mcal/kg). Similarly, Dry cows were fed a dry cow ration com-
prised of 17% concentrate with 29% wheat straw, 22.7% corn silage, and 31% 
haylage on a dry matter basis (52.6% DM, 13.2% CP, 70% Degradable protein 
with NEL 1.5 Mcal/kg). Rumen epithelial samples from the dorsal sac of the ru-
men immediately adjacent to the reticulo-rumen orifice were serially collected 
via grab biopsy by pinching with a gloved hand through rumen fistulae.  

2.2. RNA Isolation and Sequencing 

Methods for RNA isolation and sequencing were previously described in our 
earlier publication [9]. Briefly, total RNA was extracted using Trizol (Invitrogen, 
Carlsbad, CA, USA) followed by DNase digestion and Qiagen RNeasy column 
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purification (Qiagen, Valencia, CA, USA). The RNA integrity was verified using 
an Agilent Bioanalyzer 2100 (Agilent, Palo Alto, CA, USA). High-quality RNA 
(RNA Integrity number or RIN > 9.0) was processed using an Illumina TruSeq 
RNA sample prep kit following the manufacturer’s instruction (Illumina, San 
Diego, CA, USA). After quality control procedures, individual RNA-seq libraries 
were then pooled based on their respective 6-bp adaptors and sequenced at a 
50bp/sequence and read using an Illumina HiSeq 2000 sequencer platform, as 
described previously [10]. Approximately 55 million reads per sample (mean ± 
sd = 55.09 million ± 10.42 million) were generated.  

2.3. Data Analysis and Bioinformatics 

The CLC Genomics Workbench (v10, Qiagen) was used for RNA-sequencing 
data analysis. Raw sequence reads were first checked using a quality control 
pipeline. Nucleotides of each raw read were scanned for low quality and 
trimmed. Trimmed reads were aligned to the bovine reference genome (Bos-
Tau_UMD3.1). Gene expression levels were normalized as reads per kilobase of 
exon model per million mapped reads (RPKM) using the CLC transcriptomic 
analysis tool. The top 200 highly expressed genes selected by the sum of RPKM 
values in all libraries were used for heat map analysis with hierarchical clustering 
module in the CLC Genomics Workbench (Setting: sample and feature cluster-
ing, normalized expression value, Euclidean distance and complete linkage).  

Differentially expressed genes in the transcriptome were further analyzed us-
ing a gene ontology (GO) enrichment analysis module in the CLC Genomics 
Workbench. Enrichment of certain GO terms was determined based on Fisher’s 
exact test. A multiple correction control (permutation to control false discovery 
rate) was implemented to set up the threshold to obtain the lists of significantly 
over-represented GO terms.  

The molecular processes, molecular functions, and genetic networks were 
further evaluated by analyzing differentially expressed genes using Ingenuity 
Pathways Analysis (IPA, Ingenuity® Systems, and http://www.ingenuity.com). 
IPA is a software application that enables biologists to identify the biological 
mechanisms, pathways, and functions most relevant to their experimental data-
sets or genes of interest [11] [12] [13] [14] [15]. 

2.4. Canonical Pathway Analysis of Data Sets 

Analysis of canonical pathways identified the pathways from the IPA library of 
canonical pathways that were most significant to the data set. Genes from the 
data set that were associated with a canonical pathway in the Ingenuity Pathways 
Knowledge Base were considered for the analysis. The significance of the associ-
ation between the data set and the canonical pathway was measured in two ways: 
one was to use a ratio of the number of genes from the data set that map to the 
pathway divided by the total number of genes that map to the canonical pathway 
was displayed. The other was to use Fischer’s exact test to calculate a p-value that 
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determines the probability that the association between the genes in the dataset 
and the canonical pathway was explained by chance alone.  

2.5. Pathway Analysis and Network Generation 

The dataset containing gene identifiers and corresponding expression values was 
uploaded into the Ingenuity Pathways Analysis application. Each gene identifier 
was mapped to its corresponding gene object in the Ingenuity Pathways Know-
ledge Base. These genes, called focus genes, were overlaid onto a global molecu-
lar network developed from information contained in the Ingenuity Pathways 
Knowledge Base. Networks of these focus genes were then algorithmically gen-
erated based on their connectivity. 

3. Results 

3.1. RNA Sequencing Data Statistics and the Rumen  
Epithelial Transcriptome Profiling 

The molecular mechanisms underlying differential metabolism between lactat-
ing and dry cows were elucidated by creating eight cDNA libraries from four 
independent biological samples (rumen papillae) of lactating and dry cows (n = 
4 per group) and sequenced using the Illumina HiSeq 2000 sequencing plat-
form. About 55 million (55.09 million ± 10.42 million, mean ± SD) high-quality 
reads were retrieved for each sample. Cleaned reads were de novo mapped to the 
reference genome (BosTau_UMD3.1). In total, 96.96% ± 1.35% (mean ± SD) of 
the sequence reads were mapped to the reference genome. The details of the 
mapping results are listed in Table 1. The mapping results indicate a high quali-
ty sequencing and transcriptomic assembly. A total 24,956 genes were detected 
at least once in one of the rumen epithelial samples. The number of genes ex-
pressed per sample varied from 15,184 to 16,687 (15765 ± 610, mean ± SD).  
 
Table 1. RNA sequencing mapping results. 

Sample 
Read  
count 

Mapped  
% 

Mapped  
to  

genes % 

Mapped  
to  

intergenic % 
Protein_coding Pseudogene 

Lactation Cow 1 57,846,777 98.53 86.62 13.38 99.95 0.05 

Lactation Cow 2 37,456,242 98.55 86.70 13.3 99.95 0.05 

Lactation Cow 3 51,432,207 98.35 86.69 13.31 99.95 0.05 

Lactation Cow 4 48,599,836 97.81 86.11 13.89 99.97 0.03 

Dry Cow 1 61,131,231 96.69 82.75 17.25 99.88 0.12 

Dry Cow 2 93,247,500 96.09 83.04 16.96 99.89 0.11 

Dry Cow 3 44,681,754 95.00 83.33 16.67 99.88 0.12 

Dry Cow 4 46,325,045 94.69 82.75 17.25 99.89 0.11 
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3.2. Global Gene Expression Dynamics between Dry and  
Lactation Periods 

The PCA and volcano plot of differentially expressed genes (Figure 1(a) and 
Figure 1(b)) revealed significant dynamic changes of global gene expression 
between rumen epithelia from dry cows and lactating cattle. The PCA plot shows 
that gene expression profiles of rumen epithelia from dry and lactation cattle fall 
into two very distinct clusters (Figure 1(a)). Unsupervised hierarchical cluster-
ing of top 100 differentially expressed genes (Figure 2) also indicates the distinc-
tive gene expression patterns between lactating and dry cattle. We found 5036 
genes to be significantly differently expressed (DE) with FDR p-value < 0.05 and  
 

 
Figure 1. (a) The PCA plot shows that gene expression profiles of rumen epithelia from 
dry and lactation cattle fall into two very distinct clusters. (b) Volcano plots: the differen-
tially expressed genes during dry and lactation periods. 
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Figure 2. Heat map. Hierarchical clustering of selected 100 genes significantly 
differentially expressed genes during day and lactation periods in rumen epithe-
lium. The expression scale is log2 based. 
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at least 5-fold difference (FPKM). In lactating cattle, 2107 genes were 
up-regulated and 2929 genes were down-regulated in comparison to rumen epi-
thelia from dry cattle. All significant differentially expressed genes are listed in 
Supplementary Table 1. The top 10 up-regulated unigenes and top 10 
down-regulated unigenes in rumen epithelial tissue in lactation cattle are listed 
in Table 2.  

3.3. Gene Ontology (GO) Enrichment Analysis of Genes  
Impacted during Lactation in Cattle 

Gene ontology (GO) enrichment analysis was performed for further exploration 
of the potential functions of the differentially expressed genes in regulating cattle 
rumen function during the lactation period. The GO enrichment of significant 
differentially expressed genes was categorized into 24 groups in the biological 
process (FDR p-value < 0.05, Table 2). The most significantly enriched GO term 
in the biological process was a carbohydrate derivative metabolic process and 
was followed by nucleoside metabolic processes (Table 3). Interestingly, most  
 
Table 2. The top 10 up-regulated and top 10 down regulated unigenes in rumen epithelial 
tissue of lactation cattle. 

Name Chromosome Region 
Log2 fold 
change 

FDR p-value 

MYH1 19 Complement (30110728..30134757) 25.74 0 

MYH7 10 21325414..21345624 23.38 0 

MYBPC1 5 65737956..65840833 22.59 0 

MYL2 17 Complement (56953813..56961603) 20.91 0 

TNNC1 22 48988984..48991875 20.70 0 

MYOM2 27 312538..376193 20.03 0 

XIRP2 2 Complement (29080500..29131828) 19.93 0 

PPP1R3A 4 54866421..54906096 19.67 0 

MYL1 2 Complement (98527573..98555234) 19.33 0 

MYLK2 13 61900820..61915380 19.20 0 

KRT15 19 Complement (42356580..42361365) −17.10 0 

UGT1A1 3 113907720..114031371 −17.26 8.68545E−16 

KRT5 5 27541327..27547599 −17.31 0 

A2ML1 5 Complement (101495664..101545688) −17.74 0 

SFN 2 Complement (126929535..126930878) −17.80 0 

DSG3 24 Complement (25978319..26009716) −18.15 0 

HSD17B13 6 Complement (103971537..103991240) −18.53 0 

KRT14 19 Complement (42430195..42434559) −18.90 0 

HMGCS2 3 23643772..23667741 −19.14 0 

KRT17 19 Complement (42472440..42483976) −21.37 0 
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Table 3. Gene Ontology (GO) enrichment analysis in biological process shows GO terms significant changed in lactation cow. 

GO term Description 
Occurrences in all 

genes 
Occurrences in 

subset 
P-values FDR p-value 

1901135 

Carbohydrate derivative  
metabolic process 

184 107 4.18595E−08 0.0003 

0009116 Nucleoside metabolic process 59 42 3.6241E−07 0.0015 

0009119 Ribonucleoside metabolic process 52 37 1.85682E−06 0.0047 

0046128 

Purine ribonucleoside  
metabolic process 

45 33 2.27219E−06 0.0047 

1901657 

Glycosyl compound metabolic 
process 

66 44 3.36981E−06 0.0056 

0042278 Purine nucleoside metabolic process 46 33 5.068E−06 0.0070 

0055086 

Nucleobase-containing small  
molecule metabolic process 

120 70 8.13057E−06 0.0096 

0006793 Phosphorus metabolic process 395 192 1.92247E−05 0.0196 

0044281 Small molecule metabolic process 376 183 2.76815E−05 0.0207 

0019538 Protein metabolic process 957 426 2.81424E−05 0.0207 

0009117 Nucleotide metabolic process 88 53 2.99936E−05 0.0207 

0044710 Single-organism metabolic process 650 298 4.21568E−05 0.0260 

0072521 

Purine-containing compound  
metabolic process 

79 48 5.14655E−05 0.0284 

1901136 

Carbohydrate derivative  
catabolic process 

33 24 7.17804E−05 0.0352 

0006796 

Phosphate-containing compound 
metabolic process 

381 183 7.20846E−05 0.0352 

0009968 

Negative regulation of  
signal transduction 

219 112 8.72256E−05 0.0370 

0006163 Purine nucleotide metabolic process 66 41 8.8503E−05 0.0370 

1901137 

Carbohydrate derivative  
biosynthetic process 

101 58 8.92206E−05 0.0370 

0031334 

Positive regulation of  
protein complex assembly 

28 21 9.90051E−05 0.0391 

0006753 

Nucleoside phosphate  
metabolic process 

91 53 0.00010715 0.0404 

0044724 

Single-organism carbohydrate  
catabolic process 

23 18 0.000125241 0.0451 

0009161 

Ribonucleoside monophosphate 
metabolic process 

32 23 0.000137229 0.0474 

0006732 Coenzyme metabolic process 61 38 0.000146566 0.0482 

1901564 

Organonitrogen compound  
metabolic process 

470 219 0.00015114 0.0482 
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GO terms in the 24 groups were related to various metabolic processes. Addi-
tionally, the GO term in molecular function analysis showed only two groups: 
catalytic activity and transferase activity with FDR p-value < 0.05 (Table 4). 
These results indicated that the transcriptomic changes in rumen epithelia of 
lactating cattle were triggered by rumen epithelial adaptation to the challenges of 
metabolism and high nutrient requirements during the lactation. The GO term 
in the cellular component analysis was also determined (Table 5). 

3.4. Function and Regulatory Gene Network Analysis of  
Differentially Expressed Genes Using IPA 

We looked further into the biological function and differentially expressed genes 
in lactating cattle by performing function and pathway analysis using IPA. 
Analysis of differentially expressed genes in lactating cattle revealed the most 
significantly perturbed biological functions in the dataset. The differentially ex-
pressed genes were first analyzed as a whole dataset. The top 14 molecular and 
cellular functions, as determined by p-value, are shown in Figure 3(a). These 
functions, such as cell morphology, cellular function, and maintenance, charac-
terized the mechanisms related to the adaptation of rumen epithelia to the phy-
siological changes during lactation, which were represented in the physiological 
function changes revealed by IPA analysis (Figure 3(b)). We also specifically 
analyzed the up-regulated genes and down-regulated genes separately in the da-
taset (Figure 4(a) and Figure 4(b)). Those functions could exemplify the most 
significantly enhanced or inhibited biological functions in the rumen epithelia of 
lactating cattle.  
 
Table 4. Gene Ontology (GO) enrichment analysis in molecular function shows GO 
terms significant changed in lactation cow. 

GO Term Description 
Occurrences 
in all genes 

Occurrences 
in subset 

P-values FDR p-value 

0003824 Catalytic activity 2187 954 3.49332E−12 8.91844E−09 

0016740 Transferase activity 915 415 5.25387E−07 0.000670657 

 
Table 5. Gene Ontology (GO) enrichment analysis in cellular component. 

GO term Description 
Occurrences in 

all genes 
Occurrences  

in subset 
P-values FDR p-value 

0005737 Cytoplasm 903 415 9.62131E−09 1.10837E−05 

0005829 Cytosol 351 178 1.50101E−07 8.64581E−05 

0044424 Intracellular part 3908 1539 2.46773E−06 0.00094761 

0044444 Cytoplasmic part 1811 754 6.75835E−06 0.001946405 

0044449 Contractile fiber part 25 19 0.00010289 0.023707711 

0030055 Cell-substrate junction 15 13 0.00013043 0.025043406 

0005856 Cytoskeleton 55 34 0.00021448 0.035297975 
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(a) 

 
(b) 

Figure 3. Global functional analyses. (a) Molecular and cellular function analysis of the differentially expressed genes; (b) Physio-
logical functions of the differentially expressed genes. The significance value associated with a function in global analysis is a 
measure for how likely it is that genes from the dataset file under investigation participate in that function. The significance is 
expressed as a p value that is calculated using the right-tailed Fisher’s exact test. 

3.5. IPA Analysis Unveiled Potential Upstream Regulators in the  
Dataset 

Potential upstream regulators may have an involvement in the activities of the 
perturbed genes during lactation. Those upstream regulators can be divided into 
different groups depending on their molecular types. The two most relevant 
groups are transcription regulators and ligand-dependent nuclear receptors. IPA 
upstream regulator analysis identified 42 transcription regulators in the dataset 
(Listed in Supplementary Table 2). Most of these transcription regulators in the  
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(a) 

 
(b) 

Figure 4. Global functional analyses. (a) Molecular and cellular functions of up-regulated genes; (b) Molecular and cellular func-
tions of down regulated genes. 

 
dataset were predicted in activated states, while seven of the transcription regu-
lators (COMMD3-BMI1, KDM5A, ASXL1, FBXW7, SOX3, RBPJ, HAND1 and 
MED13) were in the inhibited state. Another major category of upstream regu-
lators was classified as ligand-dependent nuclear receptors. Remarkably, three 
members of the Peroxisome Proliferator Activated Receptor (PPAR) family, 
PPARA (PPAR-α), PPARD (PPAR-δ) and PPARG (PPAR-γ), were identified as 
the activated upstream regulators in this group (Table 6).  
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Table 6. Upstream regulators-ligand-dependent nuclear receptors. 

Upstream 
Regulator 

Log2 Fold 
changes 

Predicted 
Activation 

State 

Activation 
z-score 

p-value 
of  

overlap 
Target molecules in dataset 

PPARG −5.533 Activated 3.807 0.000011 

ABCG2, ACSL1, ACSL4, ADIPOQ, ADRB2, AQP7, ATP2A2, BCL2, 
BIN1, CA2, CAV1, CD36, CIDEC, CPT1B, CSF3, CYP19A1, CYP4B1, 

DLK1, FABP1, FABP3, FAM57B, FGF1, FOXO6, GPAM, GPD1, 
HIVEP2, HK2, IGFBP1, IL6, IRS1, KLF11, LEP, LIPE, LPL, MBNL1, 

MGLL, MTTP, NDUFA5, NOX4, NR4A1, PC, PCK1, PDK4, PFKFB3, 
PLIN1, PLIN4, PLIN5, PPARA, PPARGC1A, PRKG2, RAPGEF1, 

RNF144B, SHBG, SLC25A20, SLC2A4, SORBS1, SPP1, TSC22D3, UCP3, 
VNN1 

PPARD −3.92 Activated 2.88 0.0015 

ADORA1, APOA1, APOB, AQP7, BCL2, CD36, CPT1B, FABP1, FABP3, 
GOT2, GPAM, GPD1, GPD2, IGFBP1, IL6, LPL, MYOM2, PDE4C, 
PDK4, PLP1, PRKAG3, SLC25A20, STBD1, TCEA3, TNFRSF11B, 

TRIM63, UCP3, VLDLR 

PPARA 2.334 Activated 3.055 0.00528 

ABCD2, ACSL1, ACTA1, ADIPOQ, ALDH2, ALDOB, APOA1, AQP7, 
BCL2, C6, CD36, CDKN2C, CEACAM1, CFH, CIDEC, CPT1B, CXCL12, 

FABP1, FADS1, FADS2, FGB, FITM1, GOT2, GPAM, GPD1, GPD2, 
IGFBP1, IL6, LPL, MGLL, MTTP, PAQR9, PC, PCK1, PDK4, PLA2G7, 
PLIN1, PLIN4, PLIN5, PON1, PPARA, PRL, RBP7, RTN4, SLC25A20, 

STBD1, SYCP3, TMTC2, UCP3, VNN1 

THRB 2.75 Activated 2.114 0.00282 
ABCD2, APOA1, COX7A1, DDC, DKK1, FRZB, FZD4, FZD7, FZD9, 

IL6, LPL, MAPK8, MYH6, MYH7, NR4A1, PCK1, PHYH, PLIN1, PRL, 
SFRP4, STAT5B, TCEA3, THRB, THRSP, TSHR, UCP3, WNT11 

ESRRG 9.576 Activated 2.881 4.56E−09 
CYP19A1, FBXO32, FGF1, GAPDH, HK2, LDHA, LPIN1, LPL, MB, 

NRP1, PCK1, PDK4, PKM, TPI1, TRIM63, UCP3 

AR 
 

Activated 2.431 0.000009 

ANKRD1, ATP2A2, AVPR1A, CACNA1C, CAMK2A, CASQ2, CAV1, 
CHRNA1, CHRNB1, CHRNG, CLCN1, CLDN11, CLGN, CSRP3, 

CXCL12, CYP11A1, DES, DYRK1A, ELOVL2, GFAP, GPR182, 
GUCY1A3, HSPB7, IL6, INHA, KCNJ3, KISS1R, KITLG, LMOD1, 
MEF2C, MME, MSTN, MYH6, MYL3, MYOD1, MYOG, MYOM1, 

MYOT, MYOZ2, NMRK2, NR3C1, PCDH11X, PCMT1, PDGFA, PIGR, 
PNMT, RAB3C, SCN4A, SCN9A, SHBG, SLC26A7, SLC7A4, SLCO3A1, 

SMYD1, SNAI3, SPP1, TACC2, TGFB2, TNNT2 

PGR 
 

Activated 3.17 0.000862 

ABCG2, ACSL1, ADAMTS1, ALOX15, ATP1B1, BIRC2,  
CD59, CDKN1C, CPT1B, CYP19A1, DDC, DST, ESR1,  
GOT1, GRB10, IGFBP1, KLF11, KLF9, MFAP5, P2RY2,  

PFN2, PNMT, PRKG2, PRL, PRRX1, SERPINA5, TSC22D3, ZEB1 

ESRRA 
 

Activated 4.835 0.00105 
ACSL1, ATP2A2, B4GALT6, CACNB1, CD36, CPT1B, CSF3, CYP19A1, 
FABP3, GAPDH, GOT1, HK2, LDHA, LPL, MYH6, MYH7, PDP1, PKM, 
PNMT, PPARA, PPARGC1A, PPM1B, PPP1R1B, TCAP, TPI1, WNT11 

3.6. The Biologically Relevant Regulatory Gene Networks 

The IPA also exposed the biologically relevant regulatory networks in the 
up-regulated gene dataset. The full list of networks is presented in Supplemen-
tary Table 3. The top network in the up-regulated gene group (Figure 5) indi-
cates that the function of molecule transport is increased in the rumen epithelia 
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of lactating cattle. We identified additional activated molecular transporters 
during lactation by searching for the dataset of up-regulated genes, and we dis-
covered more than 60 molecule transporter genes. Those transporter genes and 
their functional annotations are listed in Table 7.  

Another functionally relevant gene network is the network centered on the 
PPARA gene (Figure 6). The major functions of this network are lipid metabol-
ism, molecule transport, and small molecule biochemistry. The PPARA gene was 
identified as an upstream regulator of gene expression (Table 6) and was in the 
center of this network.  

4. Discussion 

Many of the recent advances in biology have been driven by genome sequence 
information. However, the next significant challenge is to understand the com-
plexity of genome information to predict the phenotypes, to annotate functional 
elements encoded in the genome, and to understand the fundamental conse-
quences of the genome, which are dictated by transcriptomics. In this report, 
next generation sequencing and transcriptomic profiling were used to investigate  
 

 
Figure 5. The top network in the up-regulated gene group indicates that the function of 
molecule transport is increased in the rumen epithelia of lactating cattle. The note color 
indicates the expression level of the genes. Notes and edges are displayed with various 
shapes and labels that present the functional class of genes and the nature of the relation-
ship between the notes, respectively. The red notes indicate up-regulated genes. 
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Figure 6. A functionally relevant gene network centered on the PPARA gene 
indicates that PPAR family proteins play various roles in the functional adap-
tation of rumen metabolism to meet the nutritional demands of lactation. 

 
Table 7. Up-regulated molecular transporters. 

Functions  
Annotation 

p-Value Molecules 
#  

Molecules 

Transport of 
cation 

9.99E−09 
ABCC9, ANXA6, ATP1B1, CAMK2A, CAMK2B, 
CHRNA1, CHRNB1, CHRND, CHRNE, CHRNG, 

CYSLTR1, KCNJ8, NDRG2, NR3C2, SERCA 
15 

Import of K+ 0.000024 ABCC9, ATP1B1, KCNJ8 3 

Transport of 
metal ion 

0.000049 
ABCC9, ANXA6, ATP1B1, CAMK2A, CAMK2B, 

CYSLTR1, KCNJ8, NDRG2, NR3C2, SERCA 
10 

Transport of K+ 0.00136 ABCC9, ATP1B1, KCNJ8, NR3C2 4 

Transport of 
molecule 

0.00166 

ABCC9, ACSL4, ANXA6, ATP1B1, CAMK2A, 
CAMK2B, CHRNA1, CHRNB1, CHRND, CHRNE, 
CHRNG, CNTF, CYSLTR1, ERK, FABP3, GRM7, 

KCNJ8, NDRG2, NEDD4, NR3C1, NR3C2, SERCA 

22 

Flux of K+ 0.00332 NR3C1, NR3C2 2 

Transport of 
monovalent 

inorganic cation 
0.00342 ABCC9, ATP1B1, KCNJ8, NDRG2, NR3C2 5 

Flux of Na+ 0.00403 NR3C1, NR3C2 2 

Efflux of  
dopamine 

0.00421 CAMK2A, NR3C1 2 

Uptake of 
20:4(n−6) fatty 

acids 
0.0051 FABP3 1 

Concentration of 
corticosterone 

0.00539 CNTF, GRM7, NR3C1, TSC22D3 4 

Transport of 
Ca2+ 

0.00578 ANXA6, CAMK2A, CAMK2B, CYSLTR1, SERCA 5 
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the molecular basis of the adaptation of rumen epithelia of dairy cattle to pro-
vide the increased nutrient requirements for milk synthesis. We assembled the 
transcriptome and compared gene expression patterns in rumen epithelial tissue 
of dairy cattle in both dry and lactation periods. PCA analysis and volcano plots 
revealed that gene expression profiles of the rumen epithelia from dry and lac-
tating cattle fell into two very distinct clusters.  

The very distinctive rumen epithelial transcriptome reflects the morphological 
and functional differences of rumens from the dairy cattle in the dry period ver-
sus the lactation period. Notably, the four top up-regulated unigenes were 
MYH1 and MYH7 (myosin heavy chain 1 and 7) and related genes MYBPC1 
and MYL2. Myosin is a major contractile protein that converts chemical energy 
into mechanical energy through the hydrolysis of ATP. A multigene family en-
codes myosin heavy chains and they are expressed in different stages of animal 
development and in different fiber types. The MYH gene family shows expres-
sion that is spatially and temporally regulated during development [16]. 
Up-regulated expression of these genes may indicate an involvement in rumen 
morphological changes during lactation and increased cellular movement of 
rumen papilla [7].  

The rumen epithelium is metabolically active and is the greatest consumer of 
energy of the total viscera [2] [17]. Information generated from this work sup-
ports our understanding of the functional adaptation of rumen metabolism to 
meet the nutritional demands of lactation. Milk production in dairy cattle sub-
stantially increases their dietary nutrient and energy requirements to support 
milk synthesis. Therefore, the metabolism of dairy cattle must adapt to milk 
production-associated challenges that require major functional adjustments of 
the rumen and digestive system. Increased nutrient requirements for milk syn-
thesis trigger greater dry matter intake and lead to morphological changes in 
rumen of dairy cattle, such as increases in rumen papilla surface area and result 
in a net increase in absorption rate of short-chain fatty acids [18] [19] [20] after 
calving. Our data indicated that rumen morphological structure and expression 
of genes in dairy cattle during lactation are correlated with metabolic adaptation 
to the demanding nutrient requirements [21]. The effects of enhanced dietary 
plane of nutrition on the gene expression pattern of ruminal epithelial tissue of 
young Holstein calves also indicated that enhanced dietary nutrition could elicit 
a strong transcriptomic response in the ruminal epithelial tissue [22]. 

Gene ontology (GO) enrichment analysis in biological processes shows GO 
terms significant changed in dairy cattle during lactation. Most of the genes 
perturbed in the rumen epithelial tissues of dairy cattle during lactation are re-
lated to the various metabolic processes in GO terms of biological processes. 
Functional analysis performed by IPA also yielded results consistent with the 
finding that these functions, such as cell morphology, cellular function, and 
maintenance, characterize the mechanisms related to the adaptation of rumen 
epithelia to the physiological changes during the lactation.  
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Members of the PPAR (Peroxisome Proliferator Activated Receptor) family 
are known to bind to metabolites such as fatty acids and affect the transcription 
of many genes [21]. PPARα is the primary transcription factor responsible for 
the induction of the majority of genes necessary for fatty acid transport, uptake, 
and oxidation, as well as ketone body biosynthesis and import [23] [24]. PPARα, 
a multi-functional protein and one of the key transcription factors in the meta-
bolic network, participates in signaling driven by the main nutrient sensors, such 
as AMP-activated protein kinase (AMPK), PPARγ coactivator1α (PGC-1α) [25]. 
PPARα is also a master regulator for tissue development and is responsive to 
weaning in rumen tissue [26]. The transcriptional activities of PPAR family are 
dynamic, yet highly coordinated. PPARα may synchronize the dynamic regula-
tion of related gene expression [2]. An additional level of complexity in the 
PPARA regulatory mechanism arises from its ability to interact with various 
partners, which ultimately determines the metabolic phenotype [27]. Our study 
indicates that PPAR family proteins play various roles in the functional adapta-
tion of rumen metabolism to meet the nutritional demands of lactation. There-
fore, exploring the regulatory roles of the PPAR family of transcription factors 
and the functions of their target gene groups may be an important step in mole-
cular research into the metabolic functions of rumen epithelia that provide the 
increased nutrient requirements for milk synthesis.  

In addition to genes related to cellular movement and tissues morphology, 
those involved in molecular transport have been identified as differentially ex-
pressed genes during adaptation to lactation. Extreme changes in the rumen en-
vironment occur during lactation due to a highly fermentable diet. The increased 
supply of SCFAs is among the most important changes [2] and as discussed ear-
lier the ruminal epithelium has an enormous capacity for the absorption of 
SCFAs. This not only delivers metabolic energy to the animal but it is also an 
essential regulatory mechanism that stabilizes the intraruminal milieu [3]. 
However, the influx of SCFAs may cause severe cytosolic acidosis. The ruminal 
epithelium can buffer protons by various mechanisms, such as via a Na+/H+ ex-
changer, a bicarbonate importing system, or an H+/monocarboxylate cotrans-
porter (MCT) [3]. In the dataset and the functional network (Figure 5), ATP1B1 
(ATPase Na+/K+ transporting subunit beta 1) plays an important role in this 
network. In addition, NR3C1, NR3C2 (nuclear receptor subfamily 3 group C 
member 1 and C member 2), and ACSL4 are also major components of this 
network.  

The protein encoded by the ACSL4 gene is an isozyme of the long-chain fat-
ty-acid-coenzyme A ligase family. All isozymes of this family transform free 
long-chain fatty acids into fatty acyl-CoA esters, and thus play a key role in lipid 
biosynthesis and fatty acid degradation. This protein also functions as a molecu-
lar transporter [28]. Increased transport activity in the rumen epithelial tissue in 
lactating cattle represents an epithelial adaptation associated with the substantial 
diet change to meet the nutrient demand of lactation. Increased transport activi-
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ties also reflect the increased availability of energy sources, such as SCFAs. In-
creases in the absorption rates of SCFAs are well documented when animals are 
adapting to energy-rich diets [2] [3].  

The nutritional strategies for maximizing milk production and health in lacta-
tion are continually developing [7]. Traditionally, dairy cattle were fed increa-
singly more energy rich diets during the pre-parturition period to adapt the ru-
men, in order to facilitate an easier transition to the higher energy density of di-
ets fed to lactating cows. The data presented in this report from implementation 
of high-throughput transcriptomic data analysis are coordinated well with ru-
men function. Transcriptomics profiling and comparison reveal that the adap-
tion to lactation was marked by extensive changes in gene expression related to 
metabolism in rumen epithelial tissue. Up-stream regulators, such as PPARA, 
and genes of molecular transporters are the points of focus revealed in this re-
port. Our report not only confirmed earlier studies but also provides additional 
information using robust technology and bioinformatics analysis on the distinct 
features of the rumen at two important physiologic stages of dairy cattle. Infor-
mation generated from the work enhances our understanding of the functional 
adaptation of rumen metabolism to meet the nutritional demands of lactation 
and promotes future advances in ruminant nutrition and feeding. 
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