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Abstract 

In ruminants, d巴velopmentof the rumen is caused by weaning. After weaning，血elength and density of出巴

rumen papillae begins increasing, and th巴s巴 significantdevelopments increase the intraruminal surfac巴紅巳a

and the efficiency of producing and absorbing volatil巴 fattyacid. Although there are reports about the factors 

involved in rumen development, the molecular mechanisms in the rumen epithelial tissue during weaning 

have not been investigat巴din detail. In this study, we investigated the factors involved in the development of 

the rumen巴pitheliumbetween pre-and post-weaning in ruminants using digital differential display (DDD) in 

silica and RNA-seq analysis. The DDD method was used in order to compare the numb巴rof assignments of 

bovin巴expressedsequenc巴taglibraries from th巴rumen,reticulum, omasum, abomasum, and a pool巴dsample 

of 27 tissues. A total of 110 genes with high-transcript仕巴quencyin the rumen epithelium were selected as 

candidate genes related to rum阻止velopment.The expression patterns of 11 genes showed nearly the sam巴

results as in DDD. The expression of three genes (HMGCS2, AKRlCl, and FABP3) was significantly changed 

between pre-and post-weaning in the rum巴n巴pithelium.RNA-seq analysis showed that 871 genes with more 

than 2-fold changes were screened as differentially expressed betw巴enpr＇巴－ and post-weaning. As a result of 

canonical pathway analysis，“atherosclerosis”was identified as the most related pathway. Mor巴over，“tretinoin”，

a d巴rivativeof vitamin A, was identified as the most active regulator during weaning. The expr1巴ssionof genes 

involved in the atherosclerosis pathway and downstream genes of tretinoin were regulated via protein kinase B. 

In conclusion, the genes and regulating factors screened by DDD and RNA-seq analysis in the rumen epithelium 

may be affected by weaning and/or aging as well as by energy production and harmonization・ of intraruminal 

conditions. 

1. Introduction 

The rumen has several important physiological 

functions, including abso中tion, transport, metabolic 

activity, and protection I, ZJ. In p訂 ticular,the rumen plays 

important roles in volatile fatty acid (VFA) production 

by rumen bacteria and VFA absorption through the 

rumen epithelium. After VFA is absorbed, it is utilized 

for the maintenance and growth of ruminants as well as 

for milk or meat production. A total of 60-80% of feed 

requirements are supplied as VFA in ruminants3・4l. T加ee

important VFAs are acetate, butyrate, and propionate, 
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with generation ratios in the rumen of approximately 

70%, 20%, and 10%, respectively3l. Acetate and butyrate 

are utilized as precursors for lipid synthesis, while 

propionate is utilized for gluconeogenesis5l. Therefore, in 

terms of the maintenance of life and growth, rumen and 

VFA are very important for ruminants 6l. 

After birth the rumen epithelium in calf is 

morphologically and functionally developed with both 

the age of the animals and the elevated intake of solid 

feed. Although many studies have examined the factors 

related to rumen development, the detailed molecular 
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mechanisms remain unclear. We previously analyzed the 

expression patterns of several genes affected by weaning 

and age in the rumen and abomasum of Holstein cattle 

using a differential display method (DDD)1l. In neonatal 

Holstein calves, a grain幽 baseddiet and orchard grass hay 

significantly induced the length and density of the rumen 

papillae, while less development of these structures was 

seen when feeding only rnilk7l. Moreover, some studies 

have evaluated the effect of VFA feeding. VFA, mainly 

butyrate, induced significant di妊erentialmorphological 

development and promoted increases in the length and 

density of the rumen epithelium8-10l. Recently, however, 

reports of genes related to alterations in gene expression 

in the rumen epithelium have increased because of the 

use of in silica analysis involving comprehensive analysis 

tools or software to evaluate gene expression. A previous 

study identified白egenes for which the expression 

level changed while converting from liquid feed to solid 

feed in Holstein calves using rnicroarray and Ingenuity 

Pathway Analysis 7l. The influence of butyrate infusion 

on gene expression in the Holstein rumen epithelium was 

investigated using RNA-seq technology, GO analysis, 

and ARACNE (an algorithm for reconstructing gene 

regulatory networks)11l. While changes in the expression 

of genes related to rumen papillae development between 

pre四wea凶ngand weaning have been examined, the details 

remain unclear. There have been few reports of gene 

expression related to rumen epithelial tissue development 

before and after weaning. 

In this review, we introduce our recent work on the 

expression pattern of genes that may contribute to the 

development of the rumen epithelium during weaning 

and aging. 

2. Identification of candidate genes related t。
rumen development by DOD analysis 

DDD was used to screen for candidate genes 

associated with rumen development between before and 

after weaning in Japanese Black cattle12l. Although the 

library of bovine genes is currently insufficient, DDD 

may be useful for searching candidate genes related to 

rumen development in UniGene database of the National 

Center for Biotechnology Information (NCBI). To 

identify the candidate genes involved in bovine rumen 

development, DDD analysis was conducted to compare 

the number of assignments of bovine expressed sequence 

tag (EST) libraries from the rumen, reticulum, omasum, 

abomasum, and 27 pooled tissue samples12l. The rumen 

(4 libraries), reticulum (2 libraries), omasum (1 libr訂y),

abomasum (3 libraries), and pooled tissues (127 libraries) 

were selected for comparison. DDD comparisons were 

designed systematically to reveal the relative abundance 

of ESTs among the contrasting libraries of digitally 

‘pooled’contracts from the UniGene Database13l. 

A total of 110 candidate genes showing high expression 

in the rumen epithelium were derived from a library of 

all tissues12l. The genes with di百erentialfrequencies 

were classified into three groups: (1) genes with high-

transcript frequency in the rumen and no expression in 

the abomasum, (2) genes with high-transcript frequency 

in the rumen compared to that in other tissues, and (3) 

genes with high-transcript frequency in the rumen alone. 

Among the 110 genes in the three groups, 11 with high-

transcript frequency in the rumen were selected and 

further analyzed in the rumen, reticulum, omasum, and 

abomasum by quantitative reverse transcriptase-PCR 

(Q-RT-PCR) to validate the gene expression. 

Fig. 1 shows the expression levels of the 11 genes in 

rumen, reticulum, omasum, and abomasum tissues of pre-

weaning and weaned calves by Q-R'下PCR.S 100 calcium 

binding protein A12 (S100A12), BPI fold containing 

family A, member 2C (BPIFA2C), carbonic anhydrase 

1-like (CAI), serpin peptidase i出ibitor,clade B-like 

(SERPINB), SlOO calcium binding protein A8 (SlOOA8), 

3-hydroxy-3-methylglutaryl-CoA synthase 2 (HMGCS2), 

and aldo-keto reductase family 1, member Cl-like 

(AKRlCl) were expressed in the rumen, reticulum, 

and omasum, but not in the abomasum12l. Compared 

to in the abomasum, fatty acid binding protein 5 was 

highly expressed in the rumen, reticulum, and omasum. 

Among the 11 genes, only HMGCS2, AKRlCl, and 

fatty acid binding protein 3 (FABP3) showed differential 
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Fig. 1. The expression levels of (A) 8100 calcium binding protein A12 (SlOOA12); (B) BPI fold containing 

family A, member 2C (BPIFA2C); (C) carbonic anhydrase 1-like (CAI); (D) aldo-keto reductase 

family 1, member Cl・like(AKRlCl); (E) 8100 calcium binding protein AS (S100A8); (F) serpin 

peptidase inhibitor, clade B-like (SERPINB); (G) 3・hydroxy-3・methylglutaryl-CoAsynthase 2 

(H島'1GCS2);(H) fatty acid binding protein 5 (FABPS); (I) eukaryotic translation elongation factor 

1α1 (EEFlAl); (J) fatty acid binding protein 3; and (FABP3) (K) FXYD domain-containing ion 

transport regulator 3 (FXYD3) genes in the rumen, reticulum, omasum, and abomasum tissues of 

pre-weaning (black bar) and weaned (grey bar) Japanese Black calves. Q-RT-PCR analysis was 

performed on total RNA extracted from the isolated epithelium of tissues in pre-weaning (n = 3) 
and weaned (n = 6) calves. 188 ribosomal RNA was used as an internal standard. All data were 

normalized using 188 ribosomal gene and expressed as fold (n-fold) over the value obtained from the 

rumen of pre-weaning calves. The data are presented as the mean± SEM. N.D: Not detected. 

abMean values with different superscripts were significantly different in the rumen, reticulum, omasum, 

and abomasum tissues (Pく005). 

Values significantly different between pre-weaning and wean巴dcalves in each tissue are marked with 

asterisks above the column: t : Pく 0.10,*: p < 0.05，材.p < 0.01 

(modified from Kato et al. (2016)12) with permission from publisher) 

expression in the rumen between pre-weaning and post-

weaning. Th巴expressionof HMGCS2 in the rumen was 

significantly higher at post-weaning than at pre-weaning. 

The expression of AKR 1C1 in the for巴stomachwas 

significantly high巴rat post-weaning than at pre-weaning. 

FABP3 expression in the rumen was significantly low巴r

at post-weaning than at pr巴－weaning; however, its 

expression at pre-w巴aningwas high巴rin the rumen than 

in other tissues. 

HMGCS2 plays an important role in ketogenesis in the 

rumen epithelium of sheep during development and is 

upregulated in the rumen epithelium of weaned Holstein 

calves compared to in non-weaned calves7・ 14l. Moreover, 

HMGCS2 is a downstream target of peroxisome 

prolif，巴rator-activated receptor－α. Increased production 

of VFA induc巴dby intake of solid feed during weaning 

may promote ketogenesis in rumen epithelial cells by th巴

activation of HMGCS2, which is mediated by peroxisome 

－E
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proliferator-activated receptor－αto promote papillary 

development7l. Acetoacetyl-CoA thiolase and HMGCS 

convert acetyl-CoA to HMG”CoA, a central metabolite in 

the rumen epithelium involved in the conversion of short-

chain fatty acids to acetyl-CoA15' 16). In the mitochondria, 

long-chain fatty acids from feed are converted to acetyl-

CoA by ,B-oxidation. Moreover, acetyl-CoA and VFA 

(mainly butyrate) produced during fermentation by 

rumen microorganisms訂esubstrates of ketone bodies 

such as ,B-hydroxybutyric acid (BHBA), and ketone 

bodies can be used to produce energy in various organs. 

This suggests that HMGCS2 regulates efficient energy 

expenditure in response to post-weaning increases in VFA 

and long-chain fatty acid as a result of the introduction of 

solid feed into the rumen. 

AKRlCl is a member of the aldo-keto reductase 

superfarnily, which catalyzes the reduction of 

aldehydes, ketones, monosaccharides, ketosteroids and 

prostaglandins. Solid feed promotes increases in the 

levels of VFA and conversion rate of ketone bodies, and 

decreases pH in the rumen. Thus, AKRlCl may play a 

role in regulating intra-rurninal pH levels by reducing the 

production of ketone bodies. 

These results indicate血atDDD analysis in silica is 

useful for screening candidate genes related to rumen 

development, and that the changes in expression levels 

of two genes (HMGCS2 and AKRlCl) in the rumen 

epithelial tissues may be caused by weaning, aging, or 

both. 

3. Analysis of genes related to rumen development 

in Japanese black calves using RNA-seq 

Comprehensive transcriptome analysis using the RNA-

seq method was carried out for further gene expression 

profiling in the rumen epithelial tissue of Japanese 

Black cattle during weaning. Moreover, the analysis of 

canonical pathways, upstream regulators, biofunctions, 

and networks were performed using Ingenuity Pathway 

Analysis software. As a result of canonical pathway 

analysis, the genes associated with atherosclerosis 

pathway induced between pre帽 andpost-weaning in the 

rumen epithelium. Because one factor important for 

atherosclerosis is a high cholesterol level, the conversion 

to a high-grain diet during we加 ingmay stimulate this 

pathway. The expression levels of several genes related to 

atherosclerosis were decreased, and thus their expression 

can be induced in order to improve the rumen conditions. 

During weaning, immune response and inflammation 

reaction induced by the genes which contributes to 

diseases such as atherosclerosis, may occur in rumen 

epithelium. In addition，“tretinoin”was identified as an 

ups位eamregulator of genes altered during weaning in 

the rumen epithelium of Japanese Black cattle. Tretinoin 

is a derivative of vitamin A known as all-trans retinoic 

acid. Some reports have shown that vitamin A or its 

derivatives are related to epithelium function, and thus 

tretinoin may be an important factor that mediates the 

development of the rumen epithelium physiology during 

weaning. Moreover, because protein kinase B (PKB) was 

identified and emiched by the most activated network 

during weaning, PKB is related to rumen development 

predominantly between pre-and post-weaning. 

4. Culture of rumen epithelial cells in vitro 

As described above, the morphological and functional 

development of the rumen epithelial tissue is induced by 

the consumption and physical stimulation of solid feed 

and chemical stimulation of VFA. However, knowledge 

reg紅 dingrumen function and changes caused by these 

stimuli was obtained through in vivo experiments. Several 

studies have analyzed the morphological changes of 

the rumen when the cattle consume different types of 

feed; however, experiments involving primary epithelial 

cell culture are not sufficient. In 1980, Galfi et al. first 

reported the preparation of rumen epithelial cells using 

common isolation methods from general media. We 

also attempted to isolate rumen epithelial cells from 

adult cattle and sheep17l. Other groups have isolated 

rumen epithelial cells for functional evaluation as rumen 

epithelial cells. Baldwin et al., in 1991, developed an 

improved method for preparing rumen epithelial cells, 

based on Galfi、smethod. The concentration of the 
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synthesized BHBA was determined following treatment 

with butyrate, acetate, and/or propionate18l. This report 

showed that the synthesis of BHBA by butyrate is unique 

to rumen epithelial cells. Upregulation of the HMGCS2 

gene in rumen epithelial tissues after weaning results 

from increased ketone body synthesis. This suggests 

that the synthesis of BHBA by butyrate is important for 

evaluating rumen epithelial cells. 

5. Conclusion 

We profiled gene expression changes between pre-and 

post-weaning cattle mainly through DDD in silica and 

RNA-seq analyses to clarify the molecular mechanism 

of rumen development. We have reported candidate 

genes (AKRlCl and HMGCS2) related to weaning and 

aging. However, the 1) morphological characteristics of 

rumen epithelium, 2) evaluation of rumen epithelial cell 

function, 3) establishment of long-term culture techniques 

for rumen epithelial cells in vitro, and 4) elucidation 

of the molecular mechanism of rumen development in 

ruminants should be conducted. These studies will reveal 

new information to increase the understanding of rumen 

development. 

Acknowledgement 

This work was supported by JSPS KAKENHI Grant 

Number 25292158, 25292163. The authors would like to 

thank the staff at the Grassland Management Research 

Division, NARO Institute of Livestock and Grassland 

Science, for sampling tissues. 

Articles written specifically and originally published 

in Kato et al (2016) is reused with peロ凶ssionfrom 

publisher. 

References 

1) Roh SG, Kuno M, Hishikawa D, Hong YH, Katoh K, 

Obara Y, Hidari H, Sasaki S. 2007. Identification of 

di首位entiallyexpressed transcripts in bovine rumen 

and abomasum using a differential display method. J. 

Anim. Sci., 85: 395 403. 

2) Roh SG, Suzuki Y, Gotoh T, Tatsumi R, Katoh 

83 

K. 2016. Physiological roles of adipokines, 

hepatokines, and myokines in ruminants. Asian-

Australas. J. Anim. Sci., 29：卜15.

3) Bergman EN, Reid RS, Murray MG, Brockway JM, 

Whitelaw FG. 1965. Interconversions and production 

of volatile fatty acids in sheep rumen. Biochem. J., 

97:53-58. 

4) Armentano LE. 1992. Ruminant hepatic-metabolism 

of volatile fatty-acids, lactate and pyruvate. J. Nutr., 

122:838-842. 

5) Reynolds CK, Aikman PC, Lupoli B, Humphries 

DJ, Beever DE. 2003. Splanchnic metabolism of 

dairy cows during the transition from late gestation 

through early lactation. J. Dairy Sci., 86: 1201-1217. 

6) Tamate H, McGilliard AD, Jacobson NL, Getty R. 

1962. Effect of various dietaries on the anatomical 

development of the stomach in the calf. J. Dairy Sci., 

45:408 420. 

7) Connor EE, Baldwin RL 6th, Li CJ, Li RW, 

Chung H. 2013. Gene expression in bovine rumen 

epithelium during weaning identifies molecular 

regulators of rumen development and growth. Funct. 

Integr. Genomics., 13: 133-142. 

8) Gorka P, Kowalski ZM, Pietrzak P, Kotunia A, 

J agusiak W, Holst JJ, Guilloteau P, Zabielski R. 

2011. Effect of method of delivery of sodium 

butyrate on rumen development in newborn calves. J. 

Dairy Sci., 94: 5578 5588. 

9) Kato S, Sato K, Chida H, Roh SG, Ohwada S, 

Sato S, Guilloteau P, Katoh K. 2011. Effects of 

Na-butyrate supplementation in milk formula on 

plasma concentrations of GH and insulin, and on 

rumen papilla d巴velopmentin calves. J. Endocrinol., 

211:241-248. 

10) Sakata T, Tamate H. 1978. Rumen叩ithelialcell 

proliferation accelerated by rapid increase in 

intraruminal butyrate. J. Dairy Sci., 61: 1109-1113. 

11) Baldwin RL 6th, Wu S, Li W, Li C, Bequette BJ, Li 

RW. 2012. Quantification of transcriptome responses 

of the rumen epithelium to butyrate infusion using 

ma-seq technology. Gene Regul. Syst. Bio., 6: 67-80. 



12) Kato D, Suzuki Y, Haga S, So K, Yamauchi E, 

Nakano M, Ishizaki H, Choi K, Katoh K, Roh SG. 

2016. Utilization of digital differential display to 

identify differentially expressed genes related to 

rumen development. Anim. Sci. J., 87: 584-590. 

13) Srivastava M, Khurana P, Sugadev R. 2012. Lung 

cancer signature biomarkers: Tissue specific 

semantic similarity based clustering of digital 

differential display (DDD) data. BMC Res. Notes, 

5:617. 

14) Lane MA, Baldwin RL 6th, Jesse BW. 2002. 

Developmental changes in ketogenic enzyme gene 

expression during sheep rumen development. J. 

Anim. Sci., 80: 1538-1544. 

15) Ash R, Baird GD. 1973. Activation of volatile 

fatty acids in bovine liver and rumen epithelium. 

Evidence for control by autoregulation. Biochem. J., 

136:311-319. 

16) Baldwin RL 6th. 1998. Use of isolated ruminal 

epithelial cells in the study of rumen metabolism. J. 

Nutr. 128: 293S -296S. 

17) Galfi P, Neogrady S, Kutas F. 1981. Culture of 

epithelial cells from bovine ruminal mucosa. Vet. 

Res. Commun., 4:295-300. 

18) Baldwin RL 6th, Jesse BW. 1991. Technical note: 

Isolation and characterization of sheep ruminal 

epithelial cells. J. Anim. Sci., 69:3603-3609. 

-84 -

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org

