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A B S T R A C T   

This study aims to characterize the functional changes of the rumen epithelium associated with ruminal short- 
chain fatty acid (SCFA) concentration and epithelium-attached microbes during the weaning transition in 
dairy calves. Ruminal SCFA concentrations were determined, and transcriptome and microbiota profiling in 
biopsied rumen papillae were obtained from Holstein calves before and after weaning using RNA- and amplicon 
sequencing. Metabolic pathway analysis showed that pathways related to SCFA metabolism and cell apoptosis 
were up- and down-regulated postweaning, respectively. Functional analysis showed that genes related to SCFA 
absorption, metabolism, and protective roles against oxidative stress were positively correlated with ruminal 
SCFA concentrations. The relative abundance of epithelium-attached Rikenellaceae RC9 gut group and 
Campylobacter was positively correlated with genes involved in SCFA absorption and metabolism, suggesting that 
these microbes can cooperatively affect host functions. Future research should examine the contribution of 
attenuated apoptosis on rumen epithelial functional shifts during the weaning transition.   

1. Introduction 

Cattle are ruminants distinct from monogastric animals due to their 
forestomaches (rumen, reticulum, and omasum). In the neonatal and 
preweaning phases, the small intestine plays a major role in nutrient 
absorption [1], similar to monogastric animals. During the weaning 
transition, the rumen becomes the major site of digestion and absorption 
[2]: symbiotic microbes in the rumen produce short-chain fatty acids 
(SCFA: acetate, propionate, and butyrate) by solid feed fermentation 
[3], and the rumen epithelium absorbs SCFA and metabolizes a pro
portion. SCFA absorbed from the rumen epithelium satisfies 80% of the 
ruminants' energy requirements [4]. Papillae development is promoted 
by SCFA [5,6], and this development could increase surface area for 
efficient SCFA absorption [1]. Therefore, functional development of the 

rumen during the weaning transition could directly affect feed intake 
and calf growth [7]. 

Undeveloped rumen papillae in preweaning could cause SCFA 
accumulation in the rumen with lower pH [8,9], which may result in 
lower organic matter fermentation [10] and compromised rumen health 
[11]. Therefore, rumen epithelium molecular pathways may respond to 
ruminal SCFA during the weaning transition. Although rumen molecular 
changes during the weaning transition have been studied [7,12,13], 
these studies only compared functional changes between different ages/ 
diets and did not directly evaluate how epithelium functions respond to 
ruminal SCFA. In addition, these studies used samples collected from 
different animals. Thus, how the same individual's rumen epithelium 
responds to ruminal SCFA during the weaning transition remains 
unclear. 
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Rumen microbiota could also affect calf growth because the 
composition of microbiota alters SCFA production [14,15]. However, 
these studies were based on digesta-associated microbiota, and some 
digesta-associated microbiota were different at sampling time points 
[16]. Epithelium-attached microbiota are distinct from digesta- 
associated microbiota [17,18] and may represent the relationship be
tween ruminal microbiota and host function (i.e. SCFA absorption and 
metabolism) because they are directly attached to the epithelium. 
Epithelium-attached microbiota also have positive effects on host health 
and productive performance [19–21], and they may positively affect the 
host's rumen function during the weaning transition. Furthermore, 
rumen epithelium-attached bacteria postweaning are more diverse than 
during preweaning [22], and some bacteria may be associated with 
higher ruminal SCFA concentration and greater papillae surface area 
postweaning [22–24]. However, host-epithelial attached microbial in
teractions at the molecular level remain unclear. 

We previously reported on calf traits (ruminal SCFA concentration, 
papillae histology, and calf starter intake (CSI)), rumen epithelium- 
attached microbiota, and their correlation obtained from the same in
dividuals during the weaning transition [9,22]. Rumen epithelium 
transcriptomic analysis with these calf traits and epithelium-attached 
microbiomes could fill in the above knowledge gaps regarding the 
weaning transition. The objective of this study is to characterize the 
functional changes of the rumen epithelium transcriptome associated 
with ruminal SCFA concentration and the epithelium-attached microbes 
during the weaning transition. To achieve our purpose, differentially 
expressed (DE) genes analysis and weighted correlation network anal
ysis (WGCNA) [25] – an approach that can find highly correlated genes 
clusters (modules) and related gene modules to the sample traits – were 
performed on the samples obtained from our previous studies [9,22] 
during the weaning transition. We hypothesized that candidate func
tional genes involved in SCFA absorption and metabolism respond to 
higher ruminal SCFA concentrations, and epithelium-attached bacteria 
and these genes cooperatively affect rumen function. 

2. Materials and methods 

2.1. Animals and housing 

Animals, housing, and feeding were described in a previous study 
[9]. In brief, six Holstein bull calves were cared for and handled in 
accordance with the Canadian Council on Animal Care [26] regulations 
and all experimental procedures were reviewed and approved by the 
institutional Animal Care and Use Committee (University of Alberta, AB; 
AUP00002010). Briefly, calves were individually housed in a barn with 
pens (3.05 × 3.66 m) with rubber mats (2.42 × 2.42 m) and wood 
shavings. Calves were fed 3 L of milk replacer (MR; 150 g/L, 26% crude 
protein (CP), 20% fat, 38% lactose as fed; Grober Nutrition, Cambridge, 
Ontario) solution twice daily for the first week of life. Thereafter, MR 
solution was fed at 15% of body weight (BW; adjusted every 7 days 
based on new BW) per day in 2 equal volumes. During week 6, calves 
received 50% of the previous week's MR allocation and were fully 
weaned at the end of week 6. Calves had ad libitum access to texturized 
calf starter (CS; 23.4% CP, 32.9% starch; Trouw Nutrition Canada Inc., 
Strathmore, AB, Canada), straw (4.1% CP, 1.7% starch, 75.7% neutral 
detergent fiber; Skyline Harvest, Blumenort MB, Canada, 1-in. chop 
length) and water from week 2. Individual intakes of MR, CS, straw and 
water were recorded daily and described in a previous study [9]. 

2.2. Sample collection 

Ruminal SCFA concentrations, papillae histology, and CSI used in 
further WGCNA were obtained from Table 2, 3, and Fig. 1 of our pre
vious study [9]. Ruminal tissue biopsies were collected 3 h after the 
morning feeding at the end of week 5 (W5), 7 (W7), and 12 (W12), as 
described by van Niekerk et al. [27]. Briefly, calves were not sedated, 

but were restrained in a calf chute during sampling. An Allis clamp (15 
cm, Jorvet, Loveland, CO) was used to retrieve the dorsal coronary pillar 
through the cannula opening for ruminal tissue sampling. This exposed 
the caudodorsal blind sac for sampling, which was done using surgical 
scissors. To ensure that whole papillae were obtained, the cut was made 
below the base of the papillae. After the samples were obtained, the 
tissue was washed with sterile phosphate-buffered saline (pH 7.4). For 
histological analysis, two ruminal tissue samples at each time point were 
submerged in 10% formalin solution and stored at room temperature. 
An additional four ruminal tissue samples were placed in RNA stabili
zation fluid (RNALater, ThermoFisher Scientific, Burlington, ON, Can
ada) for further analysis, and the samples were stored at room 
temperature for 24 h and then frozen at − 20 ◦C. The ruminal tissue 
samples in formalin solution were used to measure rumen papillae 
surface area, length, and width, and rumen papillae surface area, length, 
and width were analyzed as described previously [9]. The papillae 
length was measured from the tip to the base, and its width was 
measured at the halfway of each papilla. The 2-sided papillae surface 
area was determined by tracing the papillae from base to base and then 
multiplying it by 2. Ruminal fluid was sampled through the cannula 
using a plastic tube and a syringe 3 h after the morning feeding at the 
end of W5, W7, and W12. Ruminal contents were filtered through 4 
layers of cheesecloth, and 5 mL of ruminal fluid was frozen and stored at 
− 20 ◦C for SCFA analysis. The concentrations of acetate, propionate, 
and butyrate were measured, and the concentration of ruminal total 
SCFA and the proportion of each SCFA were calculated and analyzed by 
van Niekerk et al. [9]. Ruminal SCFA concentrations, papillae histology, 
and CSI at W5, W7, and W12 of each calf were used for further WGCNA. 

2.3. RNA extraction, library construction, and RNA-sequencing of rumen 
epithelium 

A RNeasy mini kit (QIAGEN Inc., Germantown, MD, USA) was used 
to isolate total RNA from each biopsy sample (average total RNA con
centration was 15,526 ± 6511 ng/sample), as per the manufacturer's 
instructions. RNA quality was evaluated using the RNA integrity number 
value and quantified by an ND-1000 Nanodrop Spectrometer (Thermo 
Scientific, Pittsburgh, PA) [28]. The RNA integrity number values were 
8.9 ± 0.13 in all samples [27], indicating good RNA quality [28]. Li
brary Construction was performed using the TruSeq RNA Library Prep 
Kit v2 sample preparation kit (Illumina, San Diego, CA) [29]. Adapters 
were ligated to the ends of double-stranded cDNA and PCR amplified to 
create libraries. Thereafter, cDNA libraries were pooled and then 
sequenced at Génome Québec Innovation Centre (Montréal, Quebec, 
Canada) using the Illumina HiSeq 4000 system (Illumina) which 
generated paired end-reads of 2 × 100 bp. 

2.4. mRNA mapping, normalization, principal component analysis, and 
gene names annotation 

Quality control analysis was performed using FastQC (v0.11.4) [30]. 
Fastq-mcf set at quality score ≥ 20, and length ≥ 75 were used to trim 
and filter adapters and low-quality bases from the obtained sequences 
[31]. Then, the clean sequencing reads were aligned to the bovine 
reference genome (UMD 3.1; Ensembl v.83.31) and assembled [32] 
using software packages TopHat2 (v2.0.9) [33] and Bowtie2 (v2.3.3.1) 
[34]. The BAM files generated by TopHat2 were then converted into 
SAM files using Samtools (v1.1) [35]. Thereafter the number of mapped 
reads per gene in the SAM file was quantified using HTSeq-count 
(v0.6.1) [36]. All sequences passed the quality control analysis 
including GC content, ambiguous base content, Phred score, base 
coverage, nucleotide contributions, and over-represented sequence pa
rameters [37]. The mapped reads were normalized using counts per 
million (CPM), which are as follows: (number of reads mapped to a gene 
in a sample) ÷ (total number of reads mapped to all annotated genes in a 
sample) × 106. Genes were considered expressed when CPM > 1 and in 
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at least four animals in at least one age group. The principal component 
analysis (PCA) was performed to see the general discrimination of 
expressed genes using ggfortify (v0.4.14) package in the R software 
(v4.1.3). Associated gene name annotation was performed using bio
maRt [38] (v2.50.3) package in R software. 

2.5. Differential expression analysis and WGCNA 

Bioconductor edgeR (v3.36.0) package in R software was used to 
identify DE genes based on the pairwise comparison (W5 vs. W7, W7 vs. 
W12, and W5 vs. W12) [39]. Genes with |log2 fold change (logFC)| > 1.3 
and adjusted p-values (false discovery rate (FDR) using the Benjamini 
and Hochberg (BH) method) < 0.05 were considered DE genes and 
selected for further functional analysis. To examine the relationship 
between expressed genes and phenotypic measures (concentration of 
ruminal total SCFA, acetate, propionate, and butyrate, rumen papillae 
surface area, length, and width) at W5, W7, and W12, the WGCNA 

package (v1.71) [39,40] in R software was used to identify the co- 
expressed genes correlated with the traits. Genes considered expressed 
were normalized by Log2 transformed (Log2(CPM + 1)) and inputted to 
WGCNA [40,41]. Sample clustering based on expressed genes showed 
no outliers in 18 samples (Fig. S1A), therefore no samples were removed 
in WGCNA. When RsquaredCut was set at 0.85 and networkType was 
assigned as singed using pickSoftThreshold function, the minimum 
power value was 16 (Fig. S1B). The power value was set to 16 because 
connectivity distribution was decrescent and the network was consid
ered following the scale-free topology criterion (Fig. S1C–E). The co- 
expressed genes were grouped into modules (distinguished by 
different colour names) using the automatic one-step function, block
wiseModules with the following parameters: networkType = signed and 
minModuleSize = 60. The other parameters in pickSoftThreshold and 
blockwiseModules functions were followed by default. The modules 
were then used to identify module–trait relationships (calculated by 
Pearson correlation) with concentration of ruminal total SCFA, acetate, 

Fig. 1. Overview of epithelial transcriptome. (A) Venn diagram of the rumen epithelial expressed genes among W5, W7, and W12. (B) PCA plot of the rumen 
epithelial transcriptomes in each calf. Frames of each age were generated by setting frame.type as norm in ggfortify library's autoplot function. (C) Biological 
processes of commonly expressed genes among W5, W7, and W12 as identified by PANTHER. (D) Top 5 biological processes, cellular components, molecular 
function, and pathways of commonly expressed genes among W5, W7, and W12 as identified by DAVID. 

K. Nishihara et al.                                                                                                                                                                                                                              



Genomics 115 (2023) 110664

4

propionate, butyrate, and rumen papillae surface area, length, width 
and CSI obtained from a previous study [41]. The gene modules with p 
< 0.05 and |r| ≥ 0.6 were considered significantly and strongly corre
lated to a trait. 

2.6. Functional analysis 

The functions of genes commonly expressed among W5, W7, and 
W12 and uniquely expressed genes in each time-point were analyzed 
using the Protein Annotation Through Evolutionary Relationship 
(PANTHER) [42] gene tool. Metabolic pathway analysis of significant 
DE genes was performed using Ingenuity Pathway Analysis (IPA; QIA
GEN Redwood City, www.qiagen.com/ingenuity). Ingenuity canonical 
pathways significantly enriched (p < 0.05, and |z-score| > 2) were 
sorted by p-value in ascending order, and the top 5 were considered up- 
and down-regulated pathways. Database for Annotation, Visualization, 
and Integrated Discovery (DAVID) (v2022q3) [43] was used for 
commonly expressed genes among W5, W7, and W12, uniquely 
expressed genes in each time-point, and the top WGCNA gene modules, 
which positively and negatively correlated with calf traits. The GO terms 
associated with the 3 main GO categories (biological processes, molec
ular function, and cellular component) were analyzed [44,45] and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathways (FDR < 0.05 and 
fold enrichment >1) were sorted by FDR in ascending order, and the top 
5 were considered as significantly enriched [46]. 

2.7. Correlation analysis between epithelium-attached bacteria and host 
transcriptome 

The abundance of rumen epithelium-attached bacteria in genera 
level were obtained from 4 calves in each time-point, as described in a 
previous study [22]. Genera with relative abundance ≥0.1% in ≥2 an
imals in at least one group were used for Spearman's rank correlation 
analysis. Genes included in the gene modules which were positively and 
negatively correlated with ruminal SCFA concentration and in DE genes 
were also used for correlation analysis. Correlation was calculated using 
Hmisc (v4.7.1) and visualized using pheatmap (v1.0.12) packages in R 
software [47,48]. Raw p-values were adjusted using the BH method. 
Only correlations with |r| ≥ 0.6 and FDR < 0.05 were considered as 
strongly and statistically significant. 

3. Results 

3.1. Overview of calf rumen transcriptome during weaning 

A total of 13,069 genes were expressed (CPM > 1 and in >4 out of 6 
animals per age group) in the rumen tissue of calves (Fig. 1A and 
Table S2). The number of expressed genes in W5, W7, and W12 were 
12,370, 12,327, and 12,411, respectively. The number of commonly 
expressed genes among each age was 11,699, and the number of 
uniquely expressed genes was 266, 168, and 295 in W5, W7, and W12, 
respectively (Tables S3-S6). The PCA plot (Fig. 1B) showed that W5 and 
W12 clustered differently, but the cluster of W7 overlapped with that of 
W5 and W12. The annotation of commonly expressed and uniquely 
expressed genes using PANTHER (Fig. 1C) showed that the top biolog
ical processes in commonly expressed genes were “cellular process,” 
“metabolic process,” and “biological regulation,” which included 31.8, 
19.9, and 15.8%, respectively. The top biological processes in W5, W7, 
and W12 uniquely expressed genes were also “cellular process”, 
“metabolic process”, and “biological regulation” (Fig. S2). Annotation 
using DAVID showed that “Metabolic pathway” was a significantly 
enriched pathway (FDR < 0.05) in commonly expressed genes (Fig. 1D). 
Only “calcium ion binding” was significantly enriched (FDR < 0.05 and 
Fold enrichment = 3) in molecular function GO category of W12 
uniquely expressed genes. No GO terms and metabolic pathways were 
annotated in W5 and W7 uniquely expressed genes. 

3.2. DE genes and functional analysis among ages 

There were 87, 56, and 457 DE genes between W5 vs W7, W7 vs 
W12, and W5 vs W12, respectively (Fig. 2 and Tables S7-S9). Among 
them, 28 were up-regulated and 59 were down-regulated in W7 
compared to W5, 9 were up-regulated and 47 were down-regulated in 
W12 compared to W7, and 157 were up-regulated and 300 were down- 
regulated in W12 compared to W5. Functional analysis of DE genes 
using IPA showed the top significantly enriched metabolic pathways 
(Table 1). Among them, “LXR/RXR Activation”, “Adrenomedullin 

Fig. 2. The number of up-regulated (red) and down-regulated (blue) DE genes 
in W5 vs W7, W7 vs W12, and W5 vs W12. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Table 1 
Top 5 metabolic pathways significantly enriched using IPA (p < 0.05, and |z- 
score| > 2).  

Ingenuity canonical 
pathways 

-log(p- 
value) 

z- 
score 

Molecules 

W5 vs W12 

LXR/RXR Activation 4.93 2.53 
ABCG1,C3,CCL2,IL36A, 
IL36B,IL36G,IL36RN,LBP, 
RBP4,S100A8 

Adrenomedullin signaling 
pathway 2.62 − 2.33 

C3,GNA15,IL36A,IL36B, 
IL36G,IL36RN,KCNN4,NPR2, 
PIK3C2G 

IL-6 Signaling 2.60 − 2.45 A2M,IL36A,IL36B,IL36G, 
IL36RN,LBP,PIK3C2G 

Toll-like Receptor Signaling 2.27 − 2.00 
IL36A,IL36B,IL36G,IL36RN, 
LBP 

p38 MAPK Signaling 2.11 − 2.45 
IL36A,IL36B,IL36G,IL36RN, 
PLA2G4D,PLA2G4F  

W5 vs W7 
SPINK1 Pancreatic Cancer 

Pathway 
7.52 2.45 CPM,KLK10,KLK12,KLK13, 

KLK14,KLK9 
Intrinsic Prothrombin 

Activation Pathway 6.73 − 2.24 
KLK10,KLK12,KLK13,KLK14, 
KLK9 

MSP-RON Signaling In 
Macrophages Pathway 4.48 − 2.24 

KLK10,KLK12,KLK13,KLK14, 
KLK9 

MSP-RON Signaling In 
Cancer Cells Pathway 

4.14 − 2.24 KLK10,KLK12,KLK13,KLK14, 
KLK9  
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signaling pathway”, “IL-6 Signaling”, “Toll-like Receptor Signaling”, and 
“p38 MAPK Signaling” were the top 5 significant pathways in W5 vs 
W12. The “SPINK1 Pancreatic Cancer Pathway” was the top pathway in 
W5 vs W7. No pathways were found between W7 and W12. 

3.3. Co-expression network analysis revealed relationships with rumen 
fermentation, rumen histology traits and calf starter intake at W5, W7, 
and W12 

A total of 22 gene modules were identified using WGCNA (Fig. 3A 
and Tables S10–11). Gene modules (red and greenyellow), which mostly 
correlated to SCFA concentration and papillae histology, were selected 
for further functional analysis, correlation analysis and discussion. A 
gene module (red gene module, Table S12), including 498 co-expressed 
genes, was significantly and positively correlated with total SCFA, pro
pionate, butyrate, rumen papillae surface area, length, width, and CSI (p 
< 0.05, and r ≥ 0.6). A gene module (greenyellow gene module, 

Table S13), including 305 co-expressed genes, was significantly and 
negatively correlated with total SCFA, propionate, butyrate, rumen 
papillae surface area, length, and width (p < 0.05, and r ≤ − 0.6). DAVID 
annotation of these co-expressed genes showed the top significantly 
enriched (FDR < 0.05 and fold enrichment >1) cellular components, 
molecular functions, and pathways were “mitochondrion”, “glutathione 
transferase activity”, and “Metabolic pathways” in the red gene module, 
respectively (Fig. 3B), and “cytoplasm” was the top significantly 
enriched (FDR < 0.05 and fold enrichment >1) cellular component in 
the greenyellow gene module. 

3.4. Functional candidate genes from epithelium-attached microbiota, 
gene module, and their correlations in rumen epithelium 

Further analysis showed 103 and 12 DE genes were part of co- 
expressed genes in the red and the greenyellow gene modules, respec
tively (Tables S14–15). The genes in the red gene module and DE genes 

Fig. 3. Overview of WGCNA. (A) WGCNA identification of rumen epithelial gene modules correlated with the trait (concentration of ruminal total SCFA, acetate, 
propionate, and butyrate, rumen papillae surface area, length, width, and CSI). SCFA concentrations, papillae histology, and CSI were obtained from Table 2, 3, and 
Fig. 1 in our previous study [9]. Each module name is shown on the left, each trait is shown at the top, and the strength of the correlation is shown as a bar on the 
right in varying intensities of green (positive correlation, r > 0) or pink (negative correlation, r < 0). The correlation coefficients (− 1 < r < 1) for each module and 
trait are shown in bold only when the p-value is <0.05. The gene modules (red and greenyellow, marked in black box) was significantly correlated with total SCFA, 
propionate, butyrate concentration, papillae surface area, length, and width. (B) Enriched cellular component, molecular function, and pathways in the red gene 
module as identified by DAVID. (C) Enriched cellular component in the greenyellow gene module as identified by DAVID. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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included solute carrier family 26 member 3 (SLC26A3), solute carrier family 
26 member 6 (SLC26A6), solute carrier family 9 member C1 (SLC9C1), 
solute carrier family 25 member 21 (SLC25A21), 3-hydroxy-3-methyl
glutaryl-CoA synthase 2 (HMGCS2), acetyl-CoA acetyltransferase 1 
(ACAT1) (related to SCFA absorption and metabolism), metallothionein 
1E (MT1E), glutathione S-transferase alpha 1 (GSTA1), glutathione S- 
transferase mu 4 (GSTM4), NAD(P)H quinone dehydrogenase 1 (NQO1), 
phosphoserine phosphatase (PSPH), crystallin alpha B (CRYAB), and in
hibitor of DNA binding 1 (ID1) (have protective roles against oxidative 
stress), and DE genes in the greenyellow module include polypeptide N- 
acetylgalactosaminyltransferase 6 (GALNT6) and alkaline ceramidase 1 
(ACER1) (related to oxidative stress) (Fig. 4). The relative abundances of 
epithelium-attached microbiota in the rumen epithelium were obtained 
from our previous study [22]. The Spearman's rank correlations between 
DE genes included in gene modules (red and greenyellow) and 
epithelium-attached microbiota in rumen papillae are shown in Fig. S3 

and Table 2. The relative abundance of Rikenellaceae RC9 gut group was 
significantly and positively correlated with carbonic anhydrase 12 
(CA12), secretoglobin family 1C member 1 (SCGB1C1), anaphase promoting 
complex subunit 11 (ANAPC11), and solute carrier family 30 member 10 
(SLC30A10) (FDR < 0.05, and r ≥ 0.6) included in the red gene module. 
The relative abundance of Campylobacter was significantly and posi
tively correlated with HMGCS2 (included in the red gene module), and 
o_Betaproteobacteriales, Bacteroides, Roseburia, and Pyramidobacter were 
significantly and negatively correlated with CD3 gamma subunit of T-cell 
receptor complex (CD3G, included in the red gene module), chloride 
voltage-gated channel 2 (CLCN2, included in the red gene module), G 
protein-coupled receptor 82 (GPR82, included in the greenyellow gene 
module), and doublesex and mab-3 related transcription factor 2 (DMRT2, 
included in the greenyellow gene module) (FDR < 0.05, and r ≤ − 0.6). 

4. Discussion 

The main energy source for ruminants is SCFA produced from mi
croorganisms in the rumen [4]. The development of rumen papillae also 
is spurred by SCFA to improve SCFA absorption efficiency [45] and some 
of the absorbed SCFA are metabolized in the rumen epithelium [46]. The 
rumen papillae in the blind sac collected in this study are considered to 
be in contact with the SCFA because the calves in this study do not have 
a hay mat in the rumen as in adult cows, and the blind sac is submerged 
in the rumen fluid. In this study, we analyzed the samples collected at 
W5, W7 and W12, and the concentration of total SCFA was higher at W7 
and W12 compared to W5 [9]. Therefore, the samples collected in this 
study represent the epithelium response to increment of ruminal SCFA 
concentration during the weaning transition. Our results provide new 
insights into the characterization of the rumen epithelium's 

Fig. 4. Gene expression log2(CPM + 1) of SCFA ab
sorption (SLC26A3, SLC26A6, SLC9C1, and 
SLC25A21, included in the red gene module), meta
bolism (HMGCS2, and ACAT1, included in the red 
gene module), protective role against oxidative stress 
(MT1E, GSTA1, GSTM4, NQO1, PSPH, CRYAB, and 
ID1, included in the red gene module), and oxidative 
stress (GALNT6 and ACER1, included in the green
yellow gene module) in DE genes. (For interpretation 
of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)   

Table 2 
Significantly (|r| > 0.6, and FDR < 0.05) correlated bacteria with DE genes 
included in the red and greenyellow gene module.  

Gene module Gene Bacteria r FDR 

red CA12 Rikenellaceae RC9 gut group 0.93 0.029 
red SCGB1C1 Rikenellaceae RC9 gut group 0.92 0.029 
red ANAPC11 Rikenellaceae RC9 gut group 0.92 0.030 
red HMGCS2 Campylobacter 0.62 0.031 
red SLC30A10 Rikenellaceae RC9 gut group 0.61 0.034 
red CD3G o_Betaproteobacteriales − 0.74 0.006 
red CLCN2 Bacteroides − 0.65 0.022 
greenyellow GPR82 Roseburia − 0.86 0.024 
greenyellow DMRT2 Pyramidobacter − 0.63 0.028  
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transcriptome and the functional response to SCFA and the host- 
epithelial attached microbial interactions during the weaning transition. 

The rumen tissue experiences dramatic environmental changes, such 
as SCFA production by symbiotic microorganisms, during the weaning 
transition [47]. Therefore, GO terms and metabolic pathways related to 
SCFA absorption and metabolism were expected to be annotated after 
weaning. However, no GO terms or metabolic pathways related to SCFA 
absorption and metabolism were identified in uniquely expressed genes 
after weaning. In addition, there were no large differences in “metabolic 
process” percentage of uniquely expressed genes among ages. On the 
other hand, “Metabolic pathway” was significantly enriched in 
commonly expressed genes among different ages. The development of 
ketogenesis did occur in the absence of solid feed consumption [49]. 
Therefore, genes involved in ketogenesis may be expressed before W5. 
During the weaning transition, DE genes included in the gene modules 
(red and greenyellow) associated with ruminal SCFA concentration may 
play an important role in SCFA absorption and metabolism because 
ketogenesis capacity increased with age and SCFA concentration [49], 
and total SCFA concentrations were higher postweaning. Therefore, we 
discussed DE genes included in the gene modules (red and greenyellow) 
with the calf's traits as follows: CSI during the weaning transition in
creases the ruminal total SCFA concentration [48], and SCFA are 
absorbed by the rumen epithelium [50]; butyrate and some of the 
absorbed acetate are metabolized to acetoacetate or 3-hydroxybutyric 
acid in the rumen epithelium [51]. Therefore, we hypothesized that 
genes involved in SCFA absorption and metabolism respond to higher 
ruminal SCFA concentration. 

Consistent with this hypothesis, we found that genes related to SCFA 
absorption (SLC26A3, SLC9C1, SLC26A6, and SLC25A21) and meta
bolism (ACAT1 and HMGCS2) were included in DE genes and the red 
gene module, which positively correlated with SCFA concentration and 
CSI. SLC26A3, SLC9C1, SLC26A6, and SLC25A21 act as exchanger of 
SCFA, bicarbonate, sodium, or proton [52–55]. In the rumen epithelium, 
SLC26A3 was expressed higher when ruminants were fed high concen
trate diets [56,57]. In beef cattle, ACAT1 and HMGCS2 catalyze the 
condensation of acetyl-CoA to generate hydroxymethylglutaryl-CoA 
[58]. Feed efficiency was associated with ACAT1 expression in the 
rumen epithelium [59] and HMGCS2 accelerates ketogenesis in the 
rumen epithelium [60]. The “LXR/RXR Activation” was the top acti
vated pathway after weaning. Efflux of cholesterol is enhanced by LXR/ 
RXR which act as a sensor of cholesterol [61,62], and LXR/RXR are 
controlled during high-grain feeding in nonlactating dairy cattle [63]. 
Acetyl-CoA synthesized from SCFA is a substrate of cholesterol synthesis 
and cholesterol accumulation could cause chronic stress and impaired 
cellular functions in lung cells [64]. These genes and metabolic path
ways may be accelerated by higher SCFA concentration due to weaning 
and contribute to SCFA influx and efflux, acid neutralization, cholesterol 
homeostasis, and ketogenesis in the rumen epithelium during the 
weaning transition. However, rumen epithelial ketogenesis capacity was 
increased by both SCFA and aging in young ruminants [49]. To distin
guish aging and SCFA effects, future studies need to analyze the effects 
of aging on these gene expressions. Also, genes localized in the mito
chondria were abundant in the red gene module. Ketogenesis in the 
ruminal epithelium is performed exclusively in the mitochondria [65], 
and the cells of the strata basale and spinosum, which have a significant 
number of the mitochondria, contribute most to the ketogenesis prop
erties of the tissue [66]. We previously reported that there is a positive 
week-related effect on the number of cells and thickness in the basale 
and spinosum layers [65–68]. In addition, we found that genes localized 
in the mitochondria were not abundant in the greenyellow gene module, 
which negatively correlated with SCFA concentration (Fig. 3C). Our 
findings suggested that the increment of the basale and spinosum layers 
during the weaning transition could contribute to higher SCFA metab
olization efficiency. However, it is unclear whether the number of 
mitochondria in rumen papillae is higher during the weaning transition. 
Future studies are required to investigate the number of mitochondria 

and reveal the contribution of the mitochondria number to SCFA 
metabolism during the weaning transition. 

It is important to note that we found genes that have protective roles 
against oxidative stress (MT1E, GSTA1, GSTM4, NQO1, PSPH, CRYAB, 
and ID1) which were included in DE genes and the red gene module. 
Among these genes, MT1E, NQO1, PSPH, and ID1 are involved in pro
tection against oxidative stress [67–70]. In several tissues and cell lines, 
GSTA1 and GSTM4, a family of Glutathione S-transferase, play a crucial 
role in countering oxidative stress [71–73]. In addition, CRYAB can 
protect cardiomyocytes from oxidative stress-induced apoptosis [74]. 
We also found that GALNT6 and ACER1, related to oxidative stress, were 
down-regulated postweaning and were included in the greenyellow 
gene module, which negatively correlated with ruminal SCFA concen
tration. In HT29 and LOVO cells, GALNT6 was expressed lower by 
oxidative stress [75]. Deficiency of alkaline ceramidase 3 (ACER3), one of 
the ACER family, attenuated apoptosis in nonalcoholic steatohepatitis 
liver by suppression of oxidative stress [76]. These results suggest that 
protective roles against oxidative stress could be accelerated in post
weaning and in higher ruminal SCFA concentration. In addition, sig
nificant GO terms and metabolic pathways identified in the red gene 
module were related to adenosine triphosphate generation, reactive 
oxygen species (ROS) generation, and oxidative stress (Fig. 3B). It has 
been reported that butyrate uncoupled glycolytic input and allowed 
preferential fueling of oxidative phosphorylation in immune cells [77]. 
Oxidative phosphorylation is also a consequence of ROS generation, 
which contributes to both homeostatic signaling and oxidative stress 
[78], and excessive oxidative stress could induce cell apoptosis [79]. 
These data suggest that a higher butyrate concentration postweaning 
can accelerate oxidative phosphorylation in the rumen epithelium and 
can result in excessive oxidative stress, which induces cell apoptosis. To 
avoid apoptosis, genes involved in protective roles against oxidative 
stress (MT1E, GSTA1, GSTM4, NQO1, PSPH, CRYAB, and ID1) may 
respond to higher SCFA concentrations after weaning. This hypothesis is 
supported by the results of canonical pathway analysis: a pathway 
associated with apoptosis (“p38 MAPK Signaling”) [80,81] was inacti
vated after weaning (Table 2). In addition, apoptosis was inhibited by 
butyric acid [82] and starter intake [83] and associated with rumen 
papillae length, and genes related to apoptosis were inhibited after 
weaning or solid diet fed calves in several studies [7,12,13]. Therefore, 
we propose that the inhibition of oxidative stress-induced apoptosis may 
contribute to papillae development resulting in effective SCFA absorp
tion [80,81] during the weaning transition. Furthermore, these DE genes 
were included in the red gene module, which positively correlated with 
papillae surface area, length, and width. We also previously reported 
that papillae surface area, length, and width were 14.5, 4.6, and 3.3 
times higher in W12 than those in W5 [81,82]. However, the number of 
apoptosis cells was not investigated in this research. It will be interesting 
to reveal the contribution of apoptosis inhibition to SCFA absorption 
during the weaning transition. 

Some rumen attached bacteria were associated with higher ruminal 
SCFA concentration and greater papillae surface area postweaning 
[82,83]. We hypothesized that epithelium-attached bacteria and genes 
responding to higher ruminal SCFA concentration could cooperatively 
affect rumen function. As we hypothesized, the results suggested that 
some epithelium-attached bacteria may cooperatively affect rumen 
function with genes responding to SCFA during the weaning transition. 
We found that the abundance of Rikenellaceae RC9 gut group, thought to 
produce acetate as digestive-associated bacteria [84,85], was positively 
associated with CA12, included in a family of carbonic anhydrases 
which provide protons for Na+/H+ exchanger. The abundance of the 
hindgut mucosa-attached Rikenellaceae RC9 gut group was positively 
associated with acetate concentration in its digesta content [86]. High- 
grain feeding was also associated with the abundance of jejunal mucosa- 
attached Rikenellaceae RC9 gut group [87]. In the omasum, CA12 is 
thought to contribute to acetate absorption [88]. Rumen epithelium- 
attached Rikenellaceae RC9 gut group may also produce acetate, and 
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host transcriptome may respond to this to facilitate acetate absorption. 
However, Rikenellaceae RC9 gut group was not associated with ruminal 
acetate concentration in our previous study [87]. Epithelium-attached 
Rikenellaceae RC9 gut group abundance may not be associated with 
rumen fluid SCFA concentration. It will be important to determine 
whether epithelium-attached Rikenellaceae RC9 gut group produces ac
etate. We also found that the abundance of Campylobacter was also 
positively correlated with HMGCS2. To our knowledge, Campylobacter 
does not produce SCFA but is involved in oxygen scavenging [89]. The 
ruminal total SCFA were positively correlated with Campylobacter rela
tive abundances in the rumen epithelium of goats [90]. Families of 
Campylobacteraceae bacteria were significantly more active in the 
epithelium of higher feed efficient cattle [21]. This suggests that 
Campylobacter may contribute to suitable ecological conditions for 
anaerobic communities, resulting in higher SCFA production, and 
potentially, host SCFA metabolism as a response. It will be interesting to 
reveal which epithelium-attached bacteria abundances are affected by 
Campylobacter. We also found that Bacteroides, o_Betaproteobacteriales, 
Roseburia, and Pyramidobacter were negatively associated with CD3G 
(included in red gene module), CLCN2 (included in red gene module), 
GPR82 (included in greenyellow gene module), and DMRT2 (included in 
greenyellow gene module), respectively. The abundance of epithelium- 
attached Bacrteroides was negatively correlated with rumen epithelium 
thickness, and the abundances of Roseburia and Pyramidobacter were 
positively correlated with papillae surface area in our previous study 
[22]. However, we could not find the direct effect of these genes and 
bacteria on host function. Further studies are needed to reveal the 
contribution of these bacteria and genes to host function. 

Our discussion assumes an influx of ruminal SCFA to the rumen 
epithelium. However, we did not evaluate the actual SCFA influx to the 
rumen epithelium and how its impact on rumen epithelium function. In 
addition, there is a possibility that the other factors triggered by ruminal 
SCFA accumulation or SCFA influx to the rumen epithelium could affect 
rumen epithelium function. Therefore, a future study using an in vitro 
model that controls SCFA influx is needed to evaluate the effect of SCFA 
influx on rumen epithelial function. Also, it should be noted that the 
number of animals used in this study (n = 6) was limited, and it will be 
important to perform WGCNA with larger numbers of animals in future 
studies. 

5. Conclusion 

Taken together, our data suggest that functions related to SCFA 

absorption, metabolism, and oxidative stress respond to higher ruminal 
SCFA concentrations during the weaning transition. Genes related to 
oxidative stress may play protective roles against oxidative stress- 
induced apoptosis due to higher SCFA concentration and may result in 
greater papillae histology, which contributes to higher SCFA absorption 
efficiency (Fig. 5). Rikenellaceae RC9 gut group and Campylobacter may 
cooperatively affect host SCFA absorption and metabolism with CA12 
and HMGCS2 by producing acetate and creating a suitable environment 
for symbiotic anaerobic microbes. Further studies are needed to reveal 
the contribution of apoptosis inhibition in the rumen epithelium to SCFA 
absorption and to reveal the function of epithelium-attached bacteria 
and associated genes. 
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[40] P.A.S. Fonseca, A. Suárez-Vega, A. Cánovas, Weighted gene correlation network 
meta-analysis reveals functional candidate genes associated with high- and sub- 
fertile reproductive performance in beef cattle, Genes 11 (2020), https://doi.org/ 
10.3390/genes11050543. 
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