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through steam distillation into boric acid and titration with
dilute hydrochloric acid (10 mL).

Characteristics of ruminal papillae

The animals were slaughtered before morning feeding
(7 am.) after 14 weeks of the feeding trial. The rumen
was exteriorized and separated from the omasum after
slaughter, following a previously described method [23].
A detailed description of the collected rumen papillae
and histomorphometric analyses was performed according
to a published procedure [8]. Briefly, the ventral sac of the
rumen was chosen, as it has been determined to be the
site with the highest capillary blood flow per unit weight
mucosa of any location within the rumen [24]. Sterile sur-
gical scissors were used to clip approximately 800 mg of
ruminal tissue, which was then quickly washed 20 times in
ice-cold PBS buffer (pH=7.2). For histomorphometric
analyses, the RE samples (approximately 2 cm?) including
atrium ruminis, ventral rumen sac, and ventral blind sac
were selected and were fixed in 4% paraformaldehyde
overnight. Then, they were dehydrated, cleared, and em-
bedded in paraffin. Sections of 8 pm in width were cut
and stained using the standard hematoxylin and eosin
(H&E) procedure. Papillae with almost identical shapes
and sizes were embedded for paraffin sectioning and
microscopic observation for histomorphological analysis.
The morphological characteristics of the ruminal papillae

were selected from 4 paraffin sections showing the best
orientation of papillae in the median sagittal plane for
evaluation using Image-Pro Plus 6.0 (Media Cybernetics
Inc., Bethesda, MD). The width of rumen papillae (WP)
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Fig. 1 Histomicrograph showing the width of ruminal papilla (a)

RNA was rRNA-depleted, fragmented, and used for the
generation of cDNA via reverse transcription. The cDNA
was then amplified by PCR, and the purified cDNA ampli-
cons were subjected to sequencing at Génome Québec
Center at McGill University (Montréal, Canada) using the
HiSeq 2000 system (Illumina) to generate 100 bp paired-
end reads.

Transcriptome analysis

The high-quality sequencing reads were aligned to the refer-
ence genome (UMD 3.1/bosTau6, http://genome.ucsc.edu/)
using Bowtie/TopHat2 according to a previous study [26].
Htseq counts were employed to filter the data to eliminate
reads with more than two mismatches to the reference gen-
ome and reads showing multiple mapping hits [27]. Guided
transcript assembly was conducted using the bovine refer-
ence genome assembly UMD3.1 (ftp://ftp.ncbinlm.nih.gov/
genomes/Bos_taurus/website), in addition to the ENSEMBL
reference annotation. Htseq counts were also used to count
the reads that mapped to each of the bovine genes
using the Tophat2 output [27]. The reads were normalized
to counts per million (CPM) using the following formula:
CPM = (number of reads mapped to a gene)/(total number
of reads mapped to all annotated genes) x 10°. All the se-
quencing data (fastq files) generated in the present study
are available in GEO database (http://www.ncbi.nlm.nih.-
gov/geo/) with accession number GSE78197.

Identification of differentially expressed genes

The dietary effect on gene expression was investigated
by characterizing dietary differentially expressed (DE) genes
through pair-wise comparisons (AH vs. CS, AH vs. RS, and

RS vs. CS) using the bioinformatics tool edge in R [28]. For
each comparison, transcripts with CPM > 1 in at least 50%
of the samples per treatment were subjected to DE analysis.
Fold change (FC) was defined as the ratio of the arithmetic
mean of the CPM within each comparison group, and dif-
ferential expression was determined with logo,FC > 1 or< -1
with the Benjamini-Hochberg method (FDR). Furthermore,
the dietary associated DE genes were identified based on
the mutually DE gene between every two dietary pair-wise
comparisons. The mutually DE genes between AH vs. CS
and AH vs. RS were identified as AH associated DE genes.
Similarly, the mutually DE genes between CS vs AH and
CS vs. RS were identified as CS associated DE genes, while
the mutually DE genes between RS vs AH and RS vs. CS
were identified as RS associated DE genes.

Functional analysis

PANTHER (http://www.pantherdb.org/) was used to
identify the functional classification of the biological pro-
cesses that DE genes involved in. The enriched ontologies
for DE genes were identified using web-based annotation
tool DAVID v 6.8 (Database for Annotation, Visualization,
and Integrated Discovery; https://david.ncifcrf.gov/) [29].
The DAVID-defined annotation selection was also
employed to define Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathways and GO terms (GOTERM_XX)
[30]. Clustering enrichment thresholds were set as required
according to DAVID EASE scores. The classification strin-
gency was set to medium, and the adjusted p -values
obtained from Bonferroni correction for multiple testing
[31] were used to define the significance of the identified
functions.


http://genome.ucsc.edu/
ftp://ftp.ncbi.nlm.nih.gov/genomes/Bos_taurus/website
ftp://ftp.ncbi.nlm.nih.gov/genomes/Bos_taurus/website
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://www.pantherdb.org/
https://david.ncifcrf.gov/

Wang et al. BMC Genomicg017) 18:353

Validation of expression of selected DE genes using
gRT-PCR
The total RNA of ruminal epithelium was reverse tran-
scribed to ¢cDNA using the PrimeScript 1st Strand
¢DNA Synthesis Kit (Code No. 6110A, Takara, Otsu,
Japan). Quantitative real-time PCR (qRT-PCR) was per-
formed with the 2 x SYBR® Premix Ex Taq (Tli RNaseH
Plus) kit (Code No. RR420A, Takara, Otsu, Japan) and
the Applied Biosystems 7500 (Foster City, CA). The
PCR conditions were set as follows: 1 cycle at 95 °C for
10 min, 40 cycles of 95 °C for 15 s, and 60 °C for 34 s,
followed by a melting curve program (60 to 9_5 °C). GT he
(;jnimersc(Table 1) targeting for’q‘ﬁQﬂ‘l, PAS 23 ﬁ‘ 3,
) EP3 v 3L s 3 g p 1 were designed
using National Center for Biotechnology Information Nu-
cleotide (http://www.ncbi.nlm.nih.gov/nuccore/), with)
/"% set us species. The specificity of the primers was
validated by primer-BLAST éhttps://www.ncbi.nlm.nih.-
gov/tools/primer-blast/). The PDH [32] and f#. P
[33] were used as reference genes. The relative changes at
the mRNA level for each individual gene was analyzed
LlSiIlg the 2>ACT’ ACT = CTtarget mRNA — CThouse keeping mRNA
(where CT = cycle threshold) method [34].

Statistical analysis

The data on dietary physical factor, rumen fermentation
characteristics, the WP, and relative mRNA expression
using qRT-PCR were analyzed through pairwise compari-
sons using the PROC MIXED procedure in SAS (SAS 8.1)
under a randomized complete block design, with diet as
the fixed effect and the cows as the random effect. The
results were reported as the least squares means. The
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statistical significance was declared at p <0.05, and the
tendency was accepted at 0.05 <p <0.10.

The possible relationships between the expression of
genes and the examined phenotypes (such as WP) were
analyzed using one-way ANOVA and Pearson correlation
using the whole dataset and the COR function in R soft-
ware with diet as the fixed variable. Correlation analysis
was firstly performed between all transcripts and VFA or
WP, and then to determine how many of them overlap-
ping with DE genes under each diet. These overlapped DE
genes were then subjected a further correlation analysis
under each diet. Significant positive or negative correla-
tions were defined atp <0.05.

Results

Nutritional and physical features of different forage
based diets

The energy density and physically effective fiber differed
among three diets. The peNDFg, was greater for RS
compared with CS (i" <0.01) and AH (P <0.01) (Table 2).
The AH and CS had similar physical form, while AH
was higher in energy density and CP content (p <0.05).
The CS and RS had similar energy density but different
physical form with RS having a greater particle size. The
AH had greater energy density but smaller particle size
compared with RS. The AH diet had similar physical form
but greater energy density in comparison with CS diet.

Rumen fermentation characteristics

Total VFA concentration was greater in the AH-fed
cows compared with the cows consumed CS (p =0.04)
or RS (Table 3, p =0.02), respectively. No difference was
observed between the cows fed RS and CS (P =0.63).

Table 2 Nutritional and Physical features [Particle size (PS) distribution (%) and physically effective NDF (peNDF)] of three

experimental dietsn(=5)

Dief Pvalue
Iten? AH CS RS SEM AHvs. CS AH vs. RS CSvs. RS
Nutritional factor
CP 16.7 16.2 16.0 0.25 0.02 0.01 0.47
Net energy for lactatioMcal/kg 1.57 1.45 1.43
Physical factor
PS, >19.0mm 32.2 16.9 40.4 1.84 <0.01 0.03 <0.01
PS, 8.0 to 19.0 mm 16.0 30.6 104 1.89 <0.01 0.07 <0.01
PS, 1.18 to 8.0 mm 35.8 36.1 33.0 2.08 0.94 0.46 0.18
PS, <1.18 mm 16.1 16.4 16.2 1.34 0.81 0.96 0.91
peNDRo o 10.0 6.1 14.9 0.67 <0.01 <0.01 <0.01
peNDF o 23.4 25.0 33.7 1.71 0.34 <0.01 <0.01

?AH = Total mixed ration (TMR) containing alfalfa hay as the main forage; CS =TMR containing corn stover as the main forage; RS = TMR containing rice straw as
the main forage

PCP = crude protein; NE, = Calculated values based on Chinese recommondations; NDF = neutral detergent fiber; peNDFg measured as the NDF content of diet
multiplied by proportion of particles > 8.0 mm; peNDF;g, measured as the NDF content of diet multiplied by proportion of particles > 19.0 mm; Particle size
distribution determined by the Penn State Particle Separator sieving technique
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Table 3 Rumen fermentation characteristics in dairy cows fed with three experimental forage-based=digts (
Dietary treatmenfs Pvalue

Item AH Cs RS SEM AHvs. CS AH vs. RS CSvs. RS
pH 6.39 6.41 6.39 0.050 0.89 0.98 0.85
Ammonia-N, mg/dL 14.5 15.8 20.3 1.07 0.37 0.01 0.04
Total VFA, M 93.5 81.0 83.1 2.83 0.04 0.02 0.63
Acetate, rvi 66.2 57.1 59.8 1.99 0.03 0.02 0.20
Propionate, rivl 19.4 17.2 17.1 0.75 0.14 0.07 0.95
Butyrate, vl 7.90 8.64 6.18 0.483 0.13 0.09 0.02
Molar proportion, %

Acetate 71.1 70.3 72.2 0.89 0.03 0.40 0.02

Propionate 20.7 21.4 20.5 0.55 0.51 0.80 0.36

Butyrate 8.29 10.9 7.34 0.556 <0.01 0.27 0.02
Acetate: Propionate 3.47 3.24 3.60 0.108 0.23 0.45 0.07

#AH = Total mixed ration (TMR) containing alfalfa hay as the main forage; CS = TMR containing corn stover as the main forage; RS = TMR containing rice straw as

the main forage

The acetate concentration was greater in AH-fed cows
than in cows fed CS (P =0.03) or in RS (P =0.02, Table 3).
The propionate concentration tended to be higher in cows
fed AH compared with those fed RS (p =0.07). The ratio
of acetate to propionate tended to be higher in cows fed
RS compared with those fed CS (p =0.07), while there was
no difference between the AH and RS animals. The butyr-
ate concentration was lower in RS-fed cows than in CS-
or AH-fed cows (p =0.02), whereas the molar proportion
of butyrate was greater in the CS-fed cows than in AH-fed
Ccows (P <0.01) or RS (P =0.02).

Morphological parameters of ruminal papillae

The cows fed RS had a thicker ruminal papilla layer (Fig. 2)
than the cows fed AH (P =0.038) or CS (P =0.048).
Whereas WP was not changed between the cows fed AH
or CS diet (P > 0.05).

Transcriptome profiling of rumen epithelial tissues

In total, 721.2 M reads were generated from 18 samples,
ranging from 35.2 to 53.6 M per sample. Among them,
593.8 M reads were mapped to the bovine genome, ranging
from 28.2 to 47.9 M per sample. Totally, the expression of
12,943, 12,935, and 13,020 genes was detected in the rumen
epithelia and 102, 83, and 131 of them expressed uniquely
when cows fed AH, CS and RS diets, respectively (Add-
itional file 1: Figure S1-A). The predominant 2490 genes
covered more than 80% abundance of total mapped reads
(Additional file 1: Figure S1-B), with predominant functions
in translation, ribosomal protein, and structural molecule
activity.

Dietary effects on gene expression in rumen papillae
A total of 31, 40, and 28 DE genes were identified from the
comparison of AH vs. CS, AH vs. RS, and RS vs. CS,

Cpn dsLumlh andy”

respectively (FDR < 0.05, Additional file 2: Table S1). Among
DE genes identified in AH vs. CS, 13 of them were up-
regulated (log,FC ranged from 1.01 to 2.99), while 18 genes
were down-regulated (log,FC ranged from -3.25 to -1.18).
Similarly, 22 and 24 DE genes from the comparison of AH
vs. RS (log,FC ranged from 1.01 to 2.45). and RS vs. CS
(logoFC ranged from 1.02 to 2.82), respectively, were up-
regulated, while 18 (log,FC ranged from -3.12 to -1.01) and
four (logoFC ranged from -1.87 to -1.02) of them were
down-regulated respectively.

Function and pathway analysis of differentially expressed
genes under different diets
The functional analysis using DAVID revealed that DE
genes under three dietary comparisons were involved in
different flénCthIlS (Table 4). The 1dent1f1ed DE genes in-
cludm% Loy e Ls 100 9 'L PO> P Ig 100 %,
8 L QN 1 andg ™ 3, from AH vs. CS were involved
in calcium ion binding (p =2.0E-4), while identified DE
genes including= 3," 7, and~ z ,, from RS vs. CS were
involved in Complement actlvatron (P =4.8E-3). The DE
genes 1nclud1ngS 2% Fg ,L‘ ASPS
between AH and RS, were
predicted to impact extracellular region (p =5.9E-4). The
functional classification determined using PANTHER
showed that the DE genes were mainly involved in of the
functions of stimulus response, developmental processes,
biological adhesion, apoptotic processes, biological regula-
tion, cellular component organization or biogenesis, cellu-
lar processes, immune system processes, localization, and
metabolic processes, with different numbers of DE genes
for the three pair-wise comparisons (Fig. 3).

The KEGG pathways of DE genes were analyzed among
the three pair-wise comparisons. Only one KEGG path-
way, complement and coagulation cascades, was enriched
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(p <0.01; Additional file 3: Figure S2) in the comparison
between RS and CS.

Diet-associated DE genes

According to Venn diagrams analysis, the dietary associ-
ated DE genes were further identified (Fig. 4). A total of
15, 6, and 4 genes were identified as AH associated DE
genes, CS associated DE genes, and RS associated DE
genes, respectlvely Among AH ass ciated DE genes, the
expression of p 3*' i lospg” 3, ang, PAS S v&ere
down-regulated, whlle the expressron of 1 and AL
were up-regulated. Slmllarly, for CS associated DE genes,
the expression of g~ ' P‘J’ and vp 1 were down-
regula@d while the exgessmn of RS assoc1ated DE genes
% —D“‘ 1 and}L - g1 were up-regulated.

Association between ruminal fermentation characteristics
and dietary DE genes

The relationships between ruminal fermentation character-
istics and DE genes were further explored using correlation
analysis. In total, the expression of 12 genes were

K &3 p0:p 3

significantly correlated with at least one of the fermentation
parameters (VFAs) regardless of diet, with three of them
¥ 3% 7 and, g, 47) positively correlated with  butyrate
concentration (P <0.05) and nine of them“( 2, 5 I's,
gaé’S 100 ’S % 1 and' WS)
negatively Correlated with at least one of the fermentation
parameters (P <0.05) (Table 5). Among them,” 7 andg’ g
were DE and their expressions were correlated with the
concentration of total VFA and acetate, propionate respect-
ively, under AH. Similarly, 1 PO andp 3 were DE and corre-
lated with total VFA, acetate, and propionate, and DE

K ‘.35 was correlated with the four characteristics under

CS. Under RS, the expression of~ 2 (DE) was correlated
with the concentration of total VFA and acetate (Table 5).

Association between rumen epithelial morphology
phenotype and dietary associated DE genes

We further investigated the correlations between mor-
phological traits (WP) and gene expression (Table 6).
In total, the expressions of two genes were s&gmﬁcantly
correlated with WP regardless of diet: H -D‘i 1 (Jg

Table 4 Enriched functions of dietary differentially expressed genes based on GO terms analyzed using DAVID

Functional term Count % Pvalue Pvalue Fold Enrichment  Involved genes
(adjusted)

AH vs. CS

calcium ion binding 9 29.0 5.3E-6 2.0E-4 8.2 DSG1, EFEMP1, S100A9, LPO, PADI1, S100A8, AlF1, RCN1, TGM3
AH vs. RS

extracellular region 9 225 1.3E-5 5.9E-4 7.7 S100A9, APOLD1, C2, CFB, CRISP3, LAP, PI3, SLURP1, TAP
RS vs. CS

complement activation, 3 10.7 5.1E-5 4.8E-3 256.9 C3, C7, CFH

alternative pathway

'AH =Total mixed ration (TMR) containing alfalfa hay as the main forage; CS = TMR containing corn stover as the main forage; RS =TMR containing rice straw as

the main forage
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GO Biological Process

metabolic process (GO:0008152)
localization (GO:0051179)
immune system process (G0O:0002376)

cellular process (GO:0009987)

cellular component organization or biogenesis
(R 1540)
biological regulation (GO:0065007)
apoptotic process (GO:0006915)
biological adhesion (G0:0022610)
developmental process (GO:0032502)

response to stimulus (GO:0050896)

10 15 2
ERSvs.CS mAHvs.RS = AHvs. CS S e

Fig. 3 Functional classification involved in biological process targeted by dietary DE genes in the rumen of dairy cows fed three different diets.

AH = Total mixed ration (TMR) containing alfalfa hay as the main forage; CS = TMR containing corn stover as the main forage; RS=TMR
containing rice straw as the main forage

(=]
wn

AHvs. C AH vs. RS

Fig. 4 The dietary associated differentially expressed (DE) genes. AH associated DE genes, the mutually DE genes between AH vs. CS and AH vs.
RS; CS associated DE genes, the mutually DE genes between CS vs AH and CS vs. RS; RS associated DE genes, the mutually DE genes between F

vs AH and RS vs. CS. AH = Total mixed ration (TMR) containing alfalfa hay as the main forage; CS = TMR containing corn stover as the main
forage; RS = TMR containing rice straw as the main forage

J
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Table 5 Correlations between the concentration of volatile fattyQuantitative real-time PCRvalidation of expression of

acids and expression of detected geries 0.05n=18 vsn=6)

in dairy cows fed with three experimental forage-based diets  The DE genes including s
Butyrate, «51,

Genes Total VFA Acetate Propionate
AlF
c2 -0.51 -0.61
C3 0.54
c7 0.47
Gma8618 -0.49
IF147 0.54
KRT36 -0.52 —-0.48 -0.60
LPO -0.52 -0.67
PI3 -0.56 -0.55
PRSS53 -0.63 -0.62 —-0.48
S100A9 -0.61 -0.64 -0.48
SAAl -0.52 -0.54 -0.52
TGM3 -0.52 -0.53
AH
Cc7 0.88 0.88
SAAl -0.91
CcS
LPO -0.95 -0.92 -0.88
PI3 -0.91 -0.88 —-0.86
KRT36 -0.93 -0.84 -0.94 -0.88
RS
c2 -0.86 -0.86

?All, based on analysis with all 18 animals

PAH = Total mixed ration (TMR) containing alfalfa hay as the main forage
°CS =TMR containing corn stover as the main forage

9RS = TMR containing rice straw as the main forage

0.52,p <0.05) positively correlated with WP, and g W 517
( A 06%p < 0.01) negativéy‘ correlated with WP. Among
them, the DE gene Hj* _DA 1 was also c%rrelated with
WP under RS diet (&: 0.94; p <0.01), and W 2B 17 was
also correlated with WP under CS (&: 0945 p < 0.01) and
RS diet (3= -0.96;p <0.01).

Table 6 Correlation between the rumen morphology and the
expression of differeiat expressed geneB< 0.05n=18 vsn=6)
in dairy cows fed with three experimental forage-based diets

Item R Item R
AlP cs
HLA-DQA1 0.52 UGT2B17 -0.92
UGT2B17 —-0.69 RS
HLA-DQA1 0.94
UGT2B17 -0.96

?All, based on analysis with all 18 animals
bCS = Total mixed ration (TMR) containing corn stover as the main forage
RS =TMR containing rice straw as the main forage

3 and p 3 was higher

inal hol i
ruminal morphology assougted genes G .G

1, 233,77 3, 5 P33
4 P ¥, p 3 and A -@g 1 wgre selyect'ecf Pfor
qPCR validation (Fig. 5). The‘ngR‘ analysis confirmed
th&t the gene expression of ., - <" 1, 8P B:” PAS 33,
A <0.05) in the rumen epi-
theli tiss&e of cows fed with RS, while the expressions
ofﬁ 1, F P 3, and" v 1{1 (tended, P =0.052) were
lower in the RS compar?d with AH. The eépressions of
33 (i" <0.05), s PB‘? (P <0.05), andi,q 3 (tended;
=0.053) and p 3 (tended; P =0.066) were greater in
cows fed CS, compared with those consumed AH, while
the expression of 1 was lower in CS compared with
that in AH fed cows (p <0.05). Additionally, the expres-
sion of _;* - ' I was greater in RS fed cows compared
with CS-fed cows (P <0.05).

Discussion

RNA-seq is an effective, efficient, and widely used
method for conducting analyses in transcriptional status
and functional gene discovery [7, 14, 16]. The transcripts
detected from rumen epithelial tissue in this study with
dairy cows were relatively lower compared with the pre-
vious study detected from rumen epithelial tissue of beef
cattle [35] (12,868 vs. 14,709 transcripts). However, the
majority of the transcripts was identified in both studies,
with 12,516 common transcripts. In this study, feeding
lactating dairy cows with three diets with different forage
sources, which varied in feed particle sizes and energy
densities, led to changes in rumen papillary morphology
and VFAs concentrations in the rumen. By linking diet-
ary composition, rumen fermentation traits, rumen epi-
thelial morphology, and rumen epithelial transcriptomes
together, the effects of dietary physical and nutritional
factors on rumen epithelial morphology and the under-
lying mechanisms were identified.

Nutritional factors

In the current study, we found that the function of AH
associated DE gene 1 (up-regulated in cows fed AH,
compared with those fed CS and RS) was enriched
under the ion-binding function as well as was associated
with tight junctions. This gene encodes a member of the
desmoglein protein subfamily which has been reported
to be involved in epithelial cell proliferation in bovine
epidermis and tongue papillae [36]. It has been specu-
lated that ion binding in the rumen may be attributed to
the Na"-K'-ATPase transport system for nutrient ab-
sorption [37]. Na"-K pumps are predominately localized
to the innermost living cell layers of the stratum spino-
sum and the stratum germinativum [38]. Increased VFAs
absorption by greater Na"-K-ATPase activity could pre-
vent possible disturbance of epithelial functions (transport
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pair-wise comparisons)
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Fig. 5 Expression dDSGIPRSS5BAGIGFBREYRGHSPB®13 andHLA-DQAdetected by quantitative real-time PCR validation and RNA
AH = Total mixed ration (TMR) containing alfalfa hay as the main forage; CS = TMR containing corn stover as the main forage; RS = TN\
rice straw as the main forage. Note: a-b means within same index column with different superscripB<difféh;(@among the three

and barrier functions) [39]. The higher amount of VFAs
and the greater expression of 1 in cows fed AH diet
indicates likely more nutrient transport through RE when
animals fed AH diet.

In the meantime, the absorption of the nutrients
through the RE consists of active transport and passive
transport pathways [40]. The transmural movement of
VFAs is a concentration-dependent passive diffusion
process, which contributes to the absorption of VFA in
addition to the carrier-mediated VFAs transport [41].
The rate of uptake of VFAs through passive pathway can
be as high as up to 75% in the RE [42], and the WP of
RE could be directly associated with the passive nutrient
uptake. Therefore, the increased WP in RS fed animals
indicate the potentially lower absorption of VFA which
may lead to lower productivity and feed efficiency [18]
when compared to AH and CS-fed animals. Moreover,
the function of” 1 (higher expression in AH com-
pared with CS or RS) has been reported to be involved
in catalyzing the hydrolysis of arginine to ornithine and

urea in bovine liver [43]. It has been reported that N
conversion efficiency in CS or RS-fed cows were lower
than that in AH-fed cows [18]. The observed expression
differences in genes involved in AA metabolism in RE
may further provide the explanation of RE function in N
metabolism under different forage-based diets.

In this study, DE gene~ 7 (lower expression in CS
compared with AH or RS) was enriched in the function
of complement activation, alternative pathway, playing
an integral role in the assembly of complement complex
[44], and™ 2, an activator of the classical complement
pathway [44], was enriched in the function of extracellu-
lar region. Activation of the complement system forms a
major part of the innate immune system, resulting in the
formation of complement complex [44]. Complement
C2/C7 was involved in the complement component that
is a key system for immune surveillance and homeostasis
[45]. Serum amyloid A protein (SAA) is an inflammatory
factor and plasma SAA is considered as the important
acute phase proteins in cattle [46]. Furthermore, the

seq.
VIR containing
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expression of” 2, 7, andS""‘A 1 was correlated with the
concentration of butyrate (positively), total VFA and
acetate (negatively), and total VFA, acetate, and propion-
ate (negatively), respectively, regardless of dietary effects.
To date, the expression of these genes was not reported
from RE, and the findings of its relationship with butyr-
ate and other VFAs under AH or RS may provide the
evidence on its function in the rumen health.

In addition, the expression of ; po and( g 35 was
negatively correlated with butyrate and total VFA con-
centration regardless of dietary effects or in CS. Lacto-
peroxidase (LPO) is an important component of defense
mechanism in the body with the antimicrobial and phys-
ical properties [47]. Keratins (KRT), the epithelial-specific
intermediate filaments, changes in keratin gene expression
implied the effect on terminal keratin synthesis, which
might affect the epithelium morphology [48]. The previ-
ous study found that butyrate infusion could down-
regulate the expression of ; po andC g 35 in RE [7].
Moreover, the expression ofp 3 was lower in cows fed AH
compared with CS and RS and enriched in the function of
extracellular region. The p 3 gene, which is also known as
the elastase-specific inhibitor, is a low-molecular-weight
proteinase inhibitor that is synthesized and secreted at the
site of neutrophil infiltration [49]. The covalent cross-
linking of the p 3 protein to ECM proteins [50], confers
the antimicrobial activity onp 3 and promotes its involve-
ment in the innate immune system, and protects epithelial
surfaces from being infected [51]. Therefore, the down-
regulation of p 3 together with increased VFAs in AH
may suggest the protective function against for adverse or
irritant factors” absorption but promoting VFAs’ assimilate
from RE, which then improving the animal performance
for AH-fed animals. Therefore, the identified DE genes
and their relationships with VFAs in response to differ-
ent forage diets reveal that the observed changes in RE
morphology could result from dietary induced VFA
changes, especially butyrate, and their effect on gene
expression. Future studies are needed to understand
the roles of VFAs on the expression of~ 2,~ 7,5"""4 1,

I POK 1&35, p 3 and rumen epithelium barrier, nutri-

ent absorption, as well as the pathway of complement

and coagulation cascades in RE using , and
e models. ‘

In ruminants, the stimulation of papilla growth by VFAs
or concentrates stimulating rumen epithelial functions has
also been well described [9], for example, butyrate is a spe-
cific inhibitor of ruminal apoptosis as well as a stimulator
of papillae proliferation [11]. Additionally, the cellular or
tissue proliferation/apoptotic processes in RE could dir-
ectly affect rumen papillae m%rphology. In this study, we
reported the expression of A% 3 was down-regulated in
cows fed AH and was G,positively correlated with ruminal
WP (Table 6). The ; 3 has been reported to play an

Hig
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important role in cell proliferation, apoptosis, migration,
and invasion [52], suggesting that the lower expression of
this gene could be associated with the lower proliferation/
apoptotic processes in RE which could subsequently lead
to thinner epithelial layer 1& cows fed AH. In addition, it
has been reported that '~ 3 and sP B:’ (Heat shock
protein family B (small) member 8) were chaperone com-
plex targeting misfolded proteins to macroautophagy [53],
which is a process that can be activated in response to the
nutrient deficiency in eukaryotic cells [54]. HSPB8 is
known to recognize the misfolded proteins whereas BAG3
might recruit and activate the macroautophagy machinery
[53]. Thus, the expression differences in % and

;,4 3 in cows fed CS and RS suggest that the cells of RE

might suffer macroautophagy due to the lower energy
supply and nutrient availability (VFAs) from these two
cereal straw diets.

From the above results, it is suggested that energy
density may regulate the immunologic barrier and nutri-
tional transport in ruminal epithelium by influencing ion
binding, complement activation, and cell growth, partly
induced by altered ruminal VFAs concentration.

Physical factors

Recent studies have proposed that in addition to nutri-
ents (VFAs or concentrates), fiber particle characteristics
(size) and the effective fiber content may also play a key
role in rumen muscularization and volume development
[55]. In the current study, the observed significant greater
rumen papillae width when animals fed with RS, which
contains higher peNDF comparing to in CS and AH, fur-
ther highlights the importance of dietary physical factor in
affecting the ruminal morphology.

Particle size can regulate rumen development by altering
blood supply to the RE [4]. When cows ingested large
quantities of solid rice straw, the RE was exposed to indi-
gestible solid fiber, and the rumen cyclically contracted to
mix the solid fiber [56]. Accordingly, the cows fed a diet
with a larger particle size (RS diet) may secrete more sal-
iva, since the salivary secretion could be enhanced by an
increased intake of physically effective fiber [57]. It has
been proposed that rumen development regulation can be
mediated through decorin (DCN) and the EGF receptors
and that a direct interaction exists between these two
receptor to regulate cell growth during remodeling
[58]. The EGE, a bioactive peptide [59], stimulates epithelial
proliferation and differentiation when supplied to the lu-
minal side of the rumen via the saliva [60]. Intrinsic EGF-
like molecules in the digestive tract are known to maintain
mucosal integrity by controlling epithelial cell turnover and
accelerating the healing of mucosal injuries [61]. Indeed,
the exg,ression of gene encoding multiple EGF like domains
8 (. F ¥) was positively correlated with the rumen
pap;ﬁiae width (p =0.01; A 0.58) although it was not



differentially expressed among the diets. Gene expression
is not always correlated with the protein expression, there-
fore, future study is needed to measure the protein level of
DCN and MEGEFS, in order to provide more information
on how these two genes are involved in rumen epithelial
cell proliferation. In addition, the expression of ¥ (dec-
orin) was significantly higher in RS compared to CS-fed
animals, which might be attributed to the increase in saliv-
ary secretion due to stimulation by a larger dietary particle
size [62]. Future studies are needed to measure the salivary
secretion difference in AH, RS, and CS-fed cows to verify
their role in affecting WP.
. G
In the current study, the expression of, "y p 3 was
wer in cows fed RS compared with those fed AH. The
; § gp3 has been well characterized to have functions
opposing IGF-1 events [63]. IGF-1 is reported to be in-
volved in rumen epithelial growth, as it induces RE cell
proliferation , . o [7]. The cellular events associated
with IGF-1 afe nlodulated by the function of IGFBP [64],
which may either inhibit or stimulate cellular proliferation
or differentiation due to the effects of IGFs [65]. In
addition, the down-regulated expression of the, "¢ (p 3
genes in RE of cows was mainly due to the accelerated cel-
lular migration and postmitotic aging induced by subacute
ruminal acidosis, which can influence ruminal epjthelial
growth [66]. The changes in mRNA abundance of Y 3



Wang et al. BMC Genomicg017) 18:353

fed CS diet. Down-regulation of UG ¥ %17 by growth fac-
tors such as fibroblast growth factor family may increase
the proliferation of androgen-dependent tumors [69].
Therefore, its significant negative correlation with the
WP might indicate its potential function in the prejifer-
ation é)f rumen epithelium. Although both I-LA‘ D A
and ;; g 2. 17 showed potential relationship with WP
under different diets, the functions of these genes in
the rumen epithelia have not been reported. Future
studies are needed to verify their changes in expression
and their function in cell proliferation in RE, and how
they could be related to rumen WP in other studies or
potentially Lo cell models. Regardless, this is the
first study fo réport the physical factor derived expres-
sion change of these genes in the rumen epithelia and
their relationship with rumen epithelial morphology.
Future studies are needed to verify their function and
the action of mode in impacting the ruminal epithelial
morphology.

Conclusion

In summary, our obtained DE genes by transcriptome
analysis suggest that diet can affect the expression of
genes involved in ion binding, cellular growth, and cell
proliferation, which may lead to the alteration of RE
morphology. A possible mechanism that affects the rumen
epithelium function and morphology through physical and
nutritional factor under different forages based diets was
proposed (Fig. 6). The interaction of dietary nutritional
and physical factors could affect the rumen microbiota
and microbial fermentation that could st.g)sequertﬂy 51ter
the exprfscglon of the DE genes 1nc1‘9dlgg 5 5@3, Z,A 7,

SO g Bsesn 3007 Kb Lo -

“" L and ;g 2,17, which have the function associated
with the tissue m@rphology or Gnutritional absorption. The
DE genes I-i _DA I and ;g 217 identified in this
study may be also involved in cell proliferation in rumen
epithelium, with further validation reéj:grch Gneeded.
Agong the ‘ig,entiﬁed DE genes, HLA D A, ;) FgP3

1,and ' 3 may be potential gene markers for the
RE morphology and the indicators for nutrient metabol-
ism in the rumen,” 7 and p 3 may be potential gene
markers for the nutrient transport such as VFAs absorp-
tion through RE. Overall, our results suggest that the diet-
ary physical form is important for the morphology of RE
in lactating dairy cows in addition to the dietary nutri-
tional level, indicating that the forage particle size should
be moderate when prepared for total mixed ration diet;
and that shorter particle size of low-quality forage may be
beneficial for VFAs synthesis as well as absorption (espe-
cially through passive transport). Future studies are
needed to identify how the morphological changes in the
RE-induced by nutritional and physical factors as well as
the interaction between them impact nutrient absorption
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by the rumen papillae, thereby increasing our understand-
ing of how feeding strategies influence the function of the
rumen. Also, measuring the protein level of the identified
DE genes from this study is needed to verify the dietary ef-
fects on the relationship between the RE morphology and
altered gene expression. Regardless, our results provide
novel insights into the potential transcriptional mecha-
nisms involved in regulating rumen epithelial width and
may offer guidance for future experimentation related
to balancing rumen epithelial characteristics and dietary
regimens.

Additional files

Additional file 1:Figure S1. The identified genes using RNA-seq in
rumen under AH, CS and RS diets (A) and the predominant 2490 ggnes
(B; covered more than 80% abundance of total mapped reads). (PDF 41 kb)

Additional file 2: Table S1. Differentially expressed genes identified
from the comparison of AH vs. CS, AH vs. RS, and RS vs. CS, respectively.
(DOC 160 kb)

Additional file 3: Figure S2. The enriched pathway through the DE
genes in the comparison between CS and RS. CS = Total mixed ratipn
(TMR) containing corn stover as the main forage; RS = TMR containing
rice straw as the main forage. (PDF 357 kb)

Abbreviations

AH:Alfalfa hay based diedRG1Arginase IBAG3Athanogene 3;

C2 Complement CZ;7 Complement C7; CPM: Counts per million; CS: Corn
stover based die€YRB1Cysteine-rich, angiogenic inducer,BCN Decorin;

DE: Differentially expressBGi1Desmoglein 1; ECM: Extracellular matrix;
EFEMPEGF-containing fibulin-like extracellular matrix protein 1;

EGF: Epidermal growth factor family; FDR: Benjamini-Hochberg method;
HLA-DQAMajor histocompatibility complex, class Il, DQ alphid A
DQB1Major histocompatibility complex, class Il, DQ bet#SPB&Heat

shock 22kDa protein 85FBP3nsulin-like growth factor binding protein 3;
KEGG: Kyoto Encyclopedia of Genes and GenbP@4;actoperoxidase;
MT-ATP&kin-derived; mitochondrially encoded ATP synthase 8; NDF: Natural
detergent fiberNOV Nephroblastoma overexpressed; peNDF: Physically
effective NDFR?I3 Peptidase inhibitor 3; RE: Rumen epithelium; RNA-seq: RNA
sequencing; RS: Rice straw based 8lfe¥1Serum amyloid Al; TGF-

«a: Transforming growth facter-TGF.: Transforming growth facto;

TMR: Total mixed ratiddGGT2B1UDP glucuronosyltransferase family 2
member B17; VFA: Volatile fatty acid; WP: Width of rumen papillae

Acknowledgements

The authors are thankful for the funding support provided the National
Natural Science Foundation of China (No. 31328022), the National Basic
Research Program of the China, the Ministry of Science and Technology (No.
2011CB100801), the Natural Sciences and Engineering Research Council of
Canada, and the Alberta Innovates Graduate Student Scholarship. The
authors acknowledge all members of the Institute of Dairy Science, Zhejiang
University for their assistance in sampling and X. Sun and Y. Chen from the
University of Alberta for their technical assistance.

Funding

This work was supported by the National Natural Science Foundation of
China (No. 31328022), the National Basic Research Program of the China, the
Ministry of Science and Technology (No. 2011CB100801). The funding body
has not participated in or interfered with the research.

Availability of data and materials

The RNA-seq data is available under accession GSE78197 at the Gene
Expression Omnibus repository [http://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE78197].


dx.doi.org/10.1186/s12864-017-3726-2
dx.doi.org/10.1186/s12864-017-3726-2
dx.doi.org/10.1186/s12864-017-3726-2
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE78197
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE78197

Wang et al. BMC Genomicg017) 18:353

Authors’ contributions 11.
LLG and JXL conceived and designed the study and methods, revised the
manuscript, and offered valuable suggestions on the manuscript and

methods. BW and DMW performed the procedures, analyzed all the data, 12.

Page 14 of 15

Mentschel J, Leiser R, Mulling C, Pfarrer C, Claus R. Butyric acid stimulates
rumen mucosa development in the calf mainly by a reduction of apoptosis.
Arch Anim Nutr. 2001;55(2):862.

Shen ZM, Kuhla S, Zitnan R, Seyfert HM, Schneider F, Hagemeister H, et al.

and wrote the manuscript. XHW, JC, ML, XBH, and JSW helped with samplingIntraruminal infusion of n-butyric acid induces an increase of ruminal

during the slaughter trial and provided the trait data. All authors reviewed
the manuscript. All authors read and approved the final manuscript.

13.
Competing interests
The authors declare that they have no competing interests.

14.
Consent for publication
Not applicable. 15.
Ethics approval and consent to participate
The procedures of this study were approved by the Animal Care and Use
Committee of Zhejiang University (Hangzhou, China) and were in
accordance with the universiyguidelines for animal research.

16.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

17.

Author details 18.

nstitute of Dairy Science, College of Animal Sciences, Zhejiang University,
Hangzhou 310058, ChirfMoE Key Laboratory of Molecular Animal

Nutrition, Zhejiang University, Hangzhou 310058, Chiepartment of 19.
Veterinary Medicine, College of Animal Sciences, Zhejiang University,
Hangzhou 310058, Chif@epartment of Agricultural, Food and Nutritional
Science, University of Alberta, Edmonton, AB T6G 2P5, Canadamt 20.
address: Beijing Key Laboratory for Dairy Cow Nutrition, College of Animal
Science and Technology, Beijing University of Agriculture, Beijing 1022()6,21
China. :

Received: 8 July 2016 Accepted: 26 April 2017

Published online: 06 May 2017 22.

References 23.

1. Graham C, Simmons NL. Functional organization of the bovine rumen
epithelium. Am J Physiol Regul Integr Comp Physiol. 2005;288(B1R173

2. Gaébel G, Aschenbach JR, Miller F. Transfer of energy substrates across the
ruminal epithelium: implications and limitations. Anim Health Res Rev. 24
2002;3(1):130.

papillae size independent of IGF-1 system in castrated bulls. Arch Anim

Nutr. 2005;59:2435.

Liu JH, Xu TT, Liu YJ, Zhu WY, Mao SY. A high-grain diet causes massive
disruption of ruminal epithelial tight junctions in goats. Am J Physiol Regul
Integr Comp Physiol. 2013;305(3):ReB2

Ozsolak F, Milos PM. RNA sequencing: advances, challenges and
opportunities. Nat Rev Genet. 2011;12¢(5&7

Choi I, Bao H, Kommadath A, Hosseini A, Sun X, Meng Y, Stothard P,
Plastow GS, Tuggle CK, Reecy JM, Waters EF, Abrams SM, Lunney JK, Guan
LL. Increasing gene discovery and coverage using RNA-seq of globin RNA
reduced porcine blood samples. BMC Genomics. 2014;15(1):954.

Céanovas A, Rincon G, Islas-Trejo A, Jimenez-Flores R, Laubscher A, Medrano
JF. RNA sequencing to study gene expression and single nucleotide
polymorphism variation associated with citrate content in cow milk. J Dairy

Sci. 2013;96(4):2633.

Turenne N, Tiys E, Ivanisenko V, Yudin N, Ignatieva E, Valour D, et al. Finding
biomarkers in non-model species: literature mining of transcription factors
involved in bovine embryo development. Bio Data Min. 2012;%(1):1

Wang B, Mao SY, Yang HJ, Wu YM, Wang JK, Li SL, et al. Effects of alfalfa and
cereal straw as a forage source on nutrient digestibility and lactation
performance in lactating dairy cows. J Dairy Sci. 2014;97(12)5/706

Kononoff PJ, Heinrichs AJ, Buckmaster DR. Modification of the Penn State
forage and total mixed ration particle separator and the effects of moisture
content on its measurements. J Dairy Sci. 2003;86(553858

Van Soest PJ, Robertson JB, Lewis BA. Methods for dietary fiber, neutral
detergent fiber, and nonstarch polysaccharides in relation to animal

nutrition. J Dairy Sci. 1991;74:3583

Shen JS, Chai Z, Song LJ, Liu JX, Wu YM. Insertion depth of oral stomach
tubes may affect the fermentation parameters of ruminal fluid collected in

dairy cows. J Dairy Sci. 2012;95:58%8

Hu WL, Liu JX, Ye JA, Wu YM, Guo YQ. Effect of tea saponin on rumen
fermentation in vitro. Anim Feed Sci Technol. 2005;120.333

Krueger W, Gutierrez-Banuelos H, Carstens G, Min B, Pinchak W, Gomez R,
et al. Effects of dietary tannin source on performance, feed efficiency,

ruminal fermentation, and carcass and non-carcass traits in steers fed a
high-grain diet. Anim Feed Sci Technol. 2010;15%1):1

Von Engelhardt W, Hales JR. Partitzapdary blood flow in rumen, reticulum,

and omasum of sheep. Am J Physial@rinol Metab. 1977;232(1):853

3.  Steele MA, Schiestel C, AlZahal O, Dionissopoulos L, Laarman AH, Matttf&ws Changhoon Lee RAH, Wall JK, Mayfield RD, Wilke CO. RNaselll and T4

JC, et al. The periparturient period is associated with structural and
transcriptomic adaptations of rumen papillae in dairy cattle. J Dairy Sci.

2015;98(4):25835. 26.

4.
of the diet on anatomical, microbial, and fermentative development of the
rumen of neonatal calves. J Dairy Sci. 1998;81(7B%5946 27.
5. Hamer HM, Jonkers DMAE, Venema K, Vanhoutvin SALW, Troost FJ,

Brummer RJ. Review article: the role of butyrate on colonic function. 28.

Aliment Pharm Therap. 2008;27(2):194

Polynucleotide Kinase sequence biases and solutions during RNA-seq library
construction. Biol Direct. 2013;8(162151
Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR, et al. Differential

Beharka AA, Nagaraja TG, Morrill JL, Kennedy GA, Klemm RD. Effects of forfiene and transcript expression analysis of RNA-seq experiments with

TopHat and Cufflinks. Nat Protoc. 2012;7(3):862

Anders S, Pyl PT, Huber W. HE&SRgthon framework to work with
high-throughput sequencing dat8ioinformatics. 2015;31(2)-4H60.

Robinson MD, Mccarthy DJ, Smyth GK. edgeR: a Bioconductor package for
differential expression analysis of digital gene expression data.

6. Mathew OP, Ranganna K, Yatsu FM. Butyrate, an HDAC inhibitor, stimulates Bioinformatics. 2010;26(1):282

interplay between different posttranslational modifications of histone H3 29
and differently alters G1-specific cell cycle proteins in vascular smooth
muscle cells. Biomed Pharmacother. 2010;64(1)0733

7. Baldwin 6th RL, Wu S, Li W, Li C, Bequette BJ, Li RW. Quantification of
transcriptome responses of the rumen epithelium to butyrate infusion usingl.
RNA-seq technology. Gene Regul Syst Bio. 2038(%:67

30.

growth and enhanced short-chain fatty acid absorption in the rumen of ~ 32.
goats are associated with transient increases in cyclin D1 expression after
ruminal butyrate infusion. J Dairy Sci. 2013;96(12)1603
9. Shen Z, Seyfert HM, Lohrke B, Schneider F, Zitnan R, Chudy A, et al. An33.
energy-rich diet causes rumen papillae proliferation associated with more
IGF type 1 receptors and increased plasma IGF-1 concentrations in youn4.
goats. J Nutr. 2004;134(1H711
Penner GB, Steele MA, Aschenbach JR, McBride BW. Ruminant Nutritior35.
Symposium: Molecular adaptation of ruminal epithelia to highly
fermentable diets. J Anim Sci. 2011;89(4)-1208

10.

Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J Roy Stat Soc B. 1995;5780289
Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene
Ontology: tool for the unification of biology. Nat Genet. 2000;253):25

Huang SS, Ling TY, Tseng WF, Huang YH, Tang FM, Leal SM, et al. Cellular
growth inhibition by IGFBP-3 and T@Frequires LRP-1. FASEB J. 2003;

Malhi M, Gui H, Yao L, Aschenbach JR, Gabel G, Shen Z. Increased papillae 17(14):20681.

Bionaz M, Loor JJ. Identification of reference genes for quantitative real-time
PCR in the bovine mammary gland during the lactation cycle. Physiol
Genomics. 2007;29(3):39.2

Zhao K, Liu HY, Wang HF, Zhou MM, Liu JX. Effect of glucose availability on
glucose transport in bovine mammary epithelial cells. Animal. 2012;6¢8:488
Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-
time quantitative PCR and the-2AACT method. Methods. 2001;25(4):802

Kong RS, Liang GX, Chen YH, Stothard P, Guan LL. Transcriptome profiling
of the rumen epithelium of beef cattle differing in residual feed intake. BMC
Genomics. 2016;17:592.



Wang et al. BMC Genomicg017) 18:353

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

Legan P, Yue K, Chidgey M, Holton J, Wilkinson R, Garrod D. The bovine
desmocollin family: a new gene and expression patterns reflecting epithelial
cell proliferation and differentiation. J Cell Boil. 1994;126&07 63.
Russell JB, Strobel HJ. Effect of ionophores on ruminal fermentation. Appl
Environ Microbiol. 1989;55(1):1.

Mills JW, Ernst SA, Dibona DR. Localizatiofi-ptia sites in frog skin. J

Cell Biol. 1977;73(1):880. 64.

Page 15 of 15

bacterial mass in the rumen of dairy cows. Anim Feed Sci Technol. 2008;
140(3):30%25.

Albiston AL, Herington AC. Tissue distribution and regulation of insulin-like
growth factor (IGF)-binding proteBimessenger ribonucleic acid (mMRNA)

in the rat: comparison with IGFRRNA expression. Endocrinol. 1992;
130(1):49502.

Firth SM, Baxter RC. Cellular actions of the insulin-like growth factor binding

Uppal SK, Wolf K, Khahra SS, Martens H. Modulation of Na + transport acrosgroteins. Endocr Rev. 2002;23(6}824

isolated rumen epithelium by shaehain fatty acids in hay-and 65.
concentrate-fed sheep. J Anim Physiolo a Anim Nutr. 2003;87(11-82):380
Frizzell RA, Field M, Schultz SG. Sodium-coupled chloride transport by
epithelial tissues. Am J Physiol-Renal. 1979;23&1):F1

Titus E, Ahearn GA. Vertebrate gastrointestinal fermentation: transport  66.
mechanisms for volatile fatty acids. Am J Physiol Regul Integr Comp Physiol.
1992;262(4):R56B.

Bergman EN. Energy contributions of volatile fatty acids from the
gastrointestinal tract in various species. Physiol Rev. 1990;78@):567
Zhan Y, Liu J, Mao P, Zhang H, Liu Q, Jiao Q. Biotransformation of I-
ornithine from l-arginine using whole-cell recombinant arginase. Wid J
Microbiol Biotech. 2013;29(11):2¥&7

Shen Y, Zhang J, Xu X, Fu J, Li J. Expression of complement componenﬁ@-7
and involvement in innate immune responses to bacteria in grass carp. Fish
Shellfish Immun. 2012;33(2):4648

Ricklin D, Hajishengallis G, Yang K, Lambris JD. Complement: a key system
for immune surveillance and homeostasis. Nat Immunol. 2010;11%}:785
Humblet MF, Guyot H, Boudry B, Mbayahi F, Hanzen C, Rollin F, et al.
Relationship between haptoglobin, serum amyloid A, and clinical status in69-
survey of dairy herds during a 6-month period. Vet Clin Pathol. 2006;33:188
Mohamed C, Clementine KA, Didier M, Gérard L, Noélle DCM. Antimicrobial
and physical properties of edible chitosan films enhanced by

lactoperoxidase system. Food Hydrocolloid. 2013;30¢B0576

Pan X, Hobbs RP, Coulombe PA. The expanding significance of keratin
intermediate filaments in normal and diseased epithelia. Curr Opin Cell Boil.
2013;25(1):436.

Tejera P, Wang Z, Zhai R, Su L, Sheu CC, Taylor DM, et al. Genetic
polymorphisms of peptidase inhibitor 3 (elafin) are associated with acute
respiratory distress syndrome. Am J Respir Cell Mol Biol. 2009;41(8):696
Guyot N, Zani ML, Maurel MC, Dallet-Choisy S, Moreau T. Elafin and its
precursor trappin-2 still inhibit neutrophil serine proteinases when they are
covalently bound to extracellular matrix proteins by tissue transglutaminase.
Biochem. 2005;44:15680

Sallenave JM. Antimicrobial activity of antiproteinases. Biochem Soc Trans.
2002;30(2):1418.

Meng X, Kong DH, Li N, Zong ZH, Liu BQ, Du ZX, et al. Knockdown of BAG3
induces epitheliamesenchymal transition in thyroid cancer cells through

ZEB1 activation. Cell Death Dis. 2014;5(2):e1092.

Carra S, Seguin SJ, Landry J. HspB8 and Bag3: a new chaperone complex
targeting misfolded proteins to macroautophagy. Autophagy. 2008;4(2):237

67.

Oksbjerg N, Gondret F, Vestergaard M. Basic principles of muscle
development and growth in meat-producing mammals as affected by

the insulin-like growth factor (Fpsystem. Domest Anim Endocrinol.
2004;27(3):2440.

Steele MA, Croom J, Kahler M, AlZahal O, Hook SE, Plaizier K, et al. Bovine
rumen epithelium undergoes rapid structural adaptations during grain-
induced subacute ruminal acidosis. Am J Physiol Regul Integr Comp Physiol.
2011;300(6):R1523.

Grzeszkiewicz TM, Kirschling DJ, Chen N, Lau LF. CYR61 stimulates human
skin fibroblasts migration through integriv & and enhances mitogenesis
through integrinaVV 8, independent of its carboxy-terminal domain. J Biol
Chem. 2001;276:21958.

De WMR, Haanen JBAG, Spits H, Roncarolo MG, Te Velde A, Figdor C,
Johnson K, Kastelein R, Yssel H, De Vries JE. Interleukin 10 (IL-10) and viral
IL-10 strongly reduce antigen-specific human T cell proliferation by
diminishing the antigen-presenting capacity of monocytes via
downregulation of class Il major lisbmpatibility complex expression. J
Exp Med. 1991;174(4):925.

Lévesque E, Beaulieu M, Guillemette C, Hum DW, Bélanger A. Effect of
fibroblastic growth factors (FGF) on steroid UDP-glucuronosyltransferase
expression and activity in the LNCeell line. J Steroid Biochem. 1998;
64(1):433.

Chang YY, Juhasz G, Goraksha-Hicks P, Arsham AM, Mallin DR, Muller LK, et

al. Nutrient-dependent regulation of autophagy through the target of
rapamycin pathway. Biochem Soc Trans. 2009;37{6):232

Rickard MD, Ternouth JH. The effect of the increased dietary volatile fatty
acids on the morphological and physiological development of lambs with
particular reference to the rumen. J Agric Sci. 1965;65(3):371

Kay RN. Rumen function and physiology. Vet Rec. 1983:813(1):6

Yang WZ, Beauchemin KA. Effects of physically effective fiber on chewing

activity and ruminal pH of dairy cows fed diets based on barley silage. J
Dairy Sci. 2006;89(1):228.

for the epidermal growth factor receptor. J Biol Chem. 1999;274(821489

Savage CR, Inagami T, Cohen S. The primary structure of epidermal growth ® We accept pre-submission inquiries

factor. J Biol Chem. 1972;247(23): 212 e Our selector tool helps you to find the most relevant journal
Onaga T, Shimizu Y, Hayashi H, Tsuji M, Endoh D, Okada H. Localization and_ W id d the clock cust .

secretion of epidermal growth factor in the parotid gland and its € provige round the clock customer suppor

intragastric kinetics in sheep. Life Sci. 2006;79(1729616 ¢ Convenient online submission

Olsen PS, Kirkegaard P, Poulsen SS, Nexa E. Adrenergic effects on exocfine e Thorough peer review

secretion of rat subm andibular epidermal growth factor. Gut. 1984;25(11):
123440.

Zebeli Q, Tafaj M, Weber I, Steingass H, Drochner W. Effects of dietary
forage particle size and concentrate level on fermentation profile, in vitro
degradation characteristics and concentration of liquid-or solid-associated

S"b‘ﬁl\‘/ v‘l"‘jzﬁ/

lozzo RV, Moscatello DK, McQuillan DJ, Eichstetter |. Decorin is a biological Iigan(ﬁ"l WC VI\/”

A sgn . B Gy
g B

e Inclusion in PubMed and all major indexing services
e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit Med Central

D




