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Effects of bio-fermented rice straw on the epithelial
morphology and microbiota of digestive tract of Hu sheep

CHENG Xinming, GAO Jian, XUE Tianhan, CHENG Yanfen*, ZHU Weiyun

Laboratory of Gastrointestinal Microbiology, National Center for International Research on Animal Gut Nutrition,
Nanjing Agricultural University, Nanjing 210095, Jiangsu, China

Abstract: [Objective] To investigate the effects of bio-fermented rice straw on intestinal
epithelial morphology and microflora of Hu sheep by microscopic observation and 16S rRNA
gene high-throughput sequencing technology. [Methods] Twenty-one male lambs aged 70 d
with similar body weight (25.154+0.47) kg were randomly divided into three groups based on
the composition of dietary roughage, namely, the rice straw group, the bio-fermented rice straw
group, and the alfalfa hay group, with dietary concentrate to forage ratio of 6:4. The experiment
lasted for 7 weeks, including 3 weeks of the adaptation period and 4 weeks of the experimental
period. At the end of the experiment, all animals were sacrificed to collect samples. Epithelial
tissues of the rumen, jejunum, and colon were collected for morphological observation. The
content of corresponding intestinal segments was collected for the analysis of microbiota and
metabolites. [Results] Compared with the rice straw group, the bio-fermented rice straw group
significantly increased the relative abundance of Fibrobacteres and the content of volatile fatty
acids (VFA) in the rumen of Hu sheep, and promoted the development of the rumen epithelium.
The bio-fermented rice straw significantly increased the relative abundance of Firmicutes and
Verrucomicrobia in the jejunum of Hu sheep. It changed the structure of the jejunal microbial
community and promoted the development of jejunal epithelial tissues. Moreover, the colonic
microbial structure of Hu sheep was also changed by the bio-fermented rice straw.
[Conclusion] Feeding bio-fermented rice straw is beneficial to the development of intestinal
epithelium and increases the microbial diversity in the digestive tract of Hu sheep.

Keywords: bio-fermented rice straw; Hu sheep; digestive tract; microbiota
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Table 1 Feed ingredient and nutrient composition

Feed ingredients TMR (% DM) Nutrition composition SRS AH RT
SRS AH RT

Corn 33.00 30.00 33.00 Metabolizable energy (MJ/kg) 8.16 8.21 8.14

Bean pulp 18.50 0.00 18.50 Digestible energy (MJ/kg) 9.58 9.60 9.58

Rice straw 0.00 0.00 40.00 Crude protein (%) 12.67 12.80 12.79

Alfalfa hay 0.00 40.00 0.00 Crude fat (%) 13.49 12.76 14.59

Bio-fermented rice straw  40.00 0.00 0.00 Ether extract (%) 2.36 2.51 2.28

Wheat middlings 5.00 24.50 5.00 Ca (%) 0.33 0.53 0.48

Zeolite 0.00 2.50 0.00 Total phosphorus (%) 0.47 0.46 0.25

Limostone 0.50 0.00 0.50

NaHCO; 0.50 0.50 0.50

Premix 2.50 2.50 2.50

SRS: Bio-fermented rice straw group; AH: Alfalfa hay group; RT: Rice straw group. Premix contains vitamin A 60-75 KIU,
vitamin D3 1-15 KIU, vitamin E>50 mg, CuSO4 150-500 mg, ZnSO, 100-1 400 mg, FeSO, 300-800 mg, and MnSO,

200-1 000 mg per kg.
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Tissue morphology of rumen epithelium under the light microscope.
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Table 2 Primers sequences used for quantitative real-time PCR analysis

Gene name Primer sequence (5'—3") Gene ID/Reference Amplicon size (bp)

Claudin-1 F: CACCCTTGGCATGAAGTGTA [30] 216
R: AGCCAATGAAGAGAGCCTGA

Claudin-4 F: AAGGTGTACGACTCGCTGCT [30] 238
R: GACGTTGTTAGCCGTCCAG

Z0-1 F: CGACCAGATCCTCAGGGTAA [30] 163
R: AATCACCCACATCGGATTCT

DRA F: CCTAAAATCAACCTCCACA NW _014639013.1 145
R: TCATCATCAGTTCCAGCAA

PAT-1 F: TGGACTGCCCCCCGTGTAT NW_011942300.1 391
R: CCAGAGCGGCTGCTTAGAT

MCT-1 F: ATCTACGCGGGATTCTTTGGAT [31] 72

R: AAGGTCCATCAGCGTTTCAAAC

F: Forward primer; R: Reverse primer.
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Table 3 Effects of feeding bio-fermented rice straw on microbial fermentation metabolites in the intestinal

of Hu sheep
Items Groups P value
AH SRS RT

Rumen
pH 6.05+0.11b 6.43+0.06a 6.45+0.08a <0.05
NH;-N (mg/dL) 11.42+1.11 10.65+1.71 13.55+1.60 0.08
MCP (mg/mL) 36.17+£3.43 37.86+5.85 40.93+8.90 0.87
TVFA (mmol/L) 191.40+16.58a 148.79+9.16b 140.33+8.45b <0.05
Acetate (mmol/L) 115.86+10.52 93.26+5.73 90.95+5.58 0.06
Propionate (mmol/L) 42.81+5.55a 28.56+2.46b 29.24+2.56b <0.05
Isobutyrate (mmol/L) 1.59+0.29b 2.74+0.16a 2.52+0.17a <0.05
Butyrate (mmol/L) 26.36+1.48a 18.39+2.06b 12.23+1.71¢ <0.05
Isovalerate (mmol/L) 1.80+0.20b 3.78+0.32a 3.71£0.31a <0.05
Valerate (mmol/L) 2.98+0.22a 2.06+0.20b 1.69+0.13b <0.05

Jejunum
pH 7.09+0.31 7.23+0.27 6.69+0.16 0.31
NH;-N (mg/dL) 15.2942.12ab 10.534+2.10b 23.08+4.23a <0.05
MCP (mg/mL) 25.63+2.05 26.68+1.74 24.42+1.79 0.70

Colon
pH 6.79+0.09 6.68+0.09 6.67£0.18 0.78
NH;-N (mg/dL) 5.38+1.27 7.52+0.64 9.38+1.39 0.07
MCP (mg/mL) 39.14£3.99 37.31+£5.59 47.31+8.01 0.48
TVFA (mmol/L) 154.62+10.25 157.46+12.22 171.85+14.47 0.59
Acetate (mmol/L) 103.70+6.90 107.94+7.91 117.63+9.13 0.47
Propionate (mmol/L) 29.34+2.09 29.40+2.12 27.5242.57 0.80
Isobutyrate (mmol/L) 1.85+0.12 1.75+0.52 2.11£0.18 0.73
Butyrate (mmol/L) 15.4542.65 14.974+2.93 19.73£2.98 0.45
Isobutyrate (mmol/L) 1.74£0.15ab 1.14+0.20b 2.03+0.23a <0.05
Valerate (mmol/L) 2.53+0.44 2.26+0.24 2.84+0.35 0.52

SRS: Bio-fermented rice straw group; AH: Alfalfa hay group; RT: Rice straw group. a—c: Significant differences, P<0.05.
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Table 4 Effects of feeding bio-fermented rice straw on the morphology of rumen epithelium and jejunum

epithelium of Hu sheep

Items Groups P value
AH SRS RT
Rumen papillae development
Height of papillae (mm) 5.19+0.54 4.32+0.33 4.20+0.34 0.21
Width of papillae (mm) 2.34+0.11 2.22+0.15 2.07+0.10 0.31
Density of papillae (number/cm?) 72.434+4.19 63.71+7.74 60.57+7.43 0.44
Area of papillae (mm*/number) 12.30+1.65 9.76+1.02 8.73+£0.84 0.13
Total area of papillae (mm*/cm?) 917.46+168.42a 594.62+76.27ab 496.72+40.71b <0.05
Rumen papillae morphology
Total thickness (Lm) 124.83+2.39a 123.64+1.43a 112.22+2.45b <0.05
Stratum corneum thickness (um) 20.30+1.16a 17.66+1.12a 13.24+0.89b <0.05
Granular layer (um) 25.23+1.17 25.26+1.10 21.98+1.06 0.08
Stratum spinosum and basale (um) 79.314+2.14 80.73+1.69 77.10+1.78 0.39
Jejunal epithelium morphology
Height of villus (um) 652.14+8.32a 611.8149.6b 545.8249.34¢ <0.05
Depth of crypt (um) 322.30+4.28a 313.78+3.53a 285.47+4.93b <0.05
Villus height/crypt depth 2.03+0.10 1.95+0.10 1.91+0.02 0.08

SRS: Bio-fermented rice straw group; AH: Alfalfa hay group; RT: Rice straw group. a—c: Significant differences, P<0.05.
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B2 AFEHETEEIL. THLEREHERBBARTS
Figure 2 Tissue morphology of rumen, jejunum and colon epithelium under the light microscope. SRS:
Bio-fermented rice straw group; AH: Alfalfa hay group; RT: Rice straw group.

x5 AREVABREREYHFES LRZXEEZEZAN VFA RZEARXERNE N

Table 5 Effects of feeding bio-fermented rice straw on genes related to rumen epithelial tight junction

protein and VFA transporter of Hu sheep

Items Groups P value
AH SRS RT

MCTI 1.06+0.16 0.61+0.14 1.05+0.14 0.07
Claudin-1 1.01+0.08a 0.74+0.06b 0.91+0.07ab <0.05
Claudin-4 1.03+0.12a 0.60+0.07b 0.84+0.05ab <0.05
Z0-1 1.02+0.09a 0.64+0.07b 1.17+0.11a <0.05
PAT 2.18+0.46a 0.68+0.09b 0.90+0.10b <0.05
DRA 1.44+0.47b 3.70+0.45a 4.30+£0.47a <0.05

SRS: Bio-fermented rice straw group; AH: Alfalfa hay group; RT: Rice straw group. a—c: Significant differences, P<0.05.

I B A P LSBT 1 Bacteroidetes 5
Firmicutes, WA BIAXTFEE LT 80%LL I, 5
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B AR XS =F B 8 3 T 55 (P<0.05), Actionbacteria
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Table 6 Effects of feeding bio-fermented rice straw on the alpha diversity of microbial community in the
intestinal of Hu sheep

Items Groups P value
SRS AH RT

Rumen
Coverage (%) 99.40+0.02b 99.59+0.03a 99.42+0.02b <0.05
OTU number 975.86+25.11a 652+47.41b 903.29+16.41a <0.05
Chaol index 1 160.29+28.29a 795.69+49.62b 1 085.30+26.58a <0.05
Ace index 1 144.76+25.45a 784.74+49.97b 1075.70+21.99a <0.05
Shannon index 4.90+0.07a 4.39+0.17b 4.68+0.04ab <0.05
Simpson index 0.03+0.00 0.04+0.01 0.04+0.00 0.26

Jejunum
Coverage (%) 99.48+0.02ab 99.52+0.03a 99.40+0.03b <0.05
OTU number 487.71+£19.60a 372.86+34.30b 592.29+52.22a <0.05
Chaol index 608.62+28.29a 460.26+39.84b 741.08+58.01a <0.05
Ace index 1 144.76+25.45a 784.74+49.97b 1 075.70+21.99a <0.05
Shannon index 4.90+0.07a 4.39£0.17b 4.68+0.04ab <0.05
Simpson index 0.03+0.00 0.04+0.01 0.04+0.00 0.26

Colon
Coverage (%) 99.48+0.02ab 99.52+0.03a 99.40+0.03b <0.05
OTU number 809.29+38.36 776.00+59.58 912.57+19.61 0.05
Chaol index 974.25+44.43ab 937.47+64.10b 1 125.29+33.61a <0.05
Ace index 963.32439.18ab 924.66+61.74b 1 099.37+30.90a <0.05
Shannon index 4.76+0.12 4.61+0.17 4.83+0.08 0.55
Simpson index 0.02+0.00 0.03+0.01 0.03+0.00 0.73

SRS: Bio-fermented rice straw group; AH: Alfalfa hay group; RT: Rice
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Figure 3 PCoA diagram of rumen (A), jejunum (B) and colon (C) of Hu sheep in SRS, AH and RT groups.
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Table 7 Ruminal microbial composition of Hu sheep in SRS, AH and RT groups (genera level)

Items Groups P value
SRS AH RT

Rumen
Prevotella 22.80+0.67b 45.24+1.83a 21.04+1.38b <0.05
Succiniclasticum 2.84+0.37 5.62+1.23 2.49+0.17 0.76
Ruminococcus 2.48+0.10 3.52+1.05 2.65+0.27 0.87
Butyrivibrio 1.25+0.07b 3.51+£0.34a 1.98+0.24ab <0.05
CF231 1.16+0.10 1.01+0.40 1.22+0.11 0.20
Fibrobacter 3.42+0.50a 0.95+0.24b 3.86+0.80a <0.05

Jejunum
Butyrivibrio 19.50+3.75 20.61+2.83 13.3443.61 0.24
Ruminococcus 7.87+1.44 13.36+5.13 12.12+1.73 0.27
Olsenella 0.00+0.00b 5.07+2.48a 0.00+0.00b <0.05
Mogibacterium 13.40+1.58a 4.64+0.92b 9.9442.61ab <0.05
Clostridium 1.88+0.41 0.92+0.39 2.56+0.71 0.07

Colon
Prevotella 0.71+0.36ab 8.55+2.75a 0.46+0.25b <0.05
Succinivibrio 1.65+0.46 6.72+2.50 2.81+1.76 0.78
ASTNI15 7.49+0.79 6.30+1.20 10.10£1.51 0.09
Akkermansia 8.67+4.31 5.18+1.99 4.44+1.08 0.68
Ruminococcus 3.68+0.66 4.60+1.08 2.24+0.30 0.11
CF231 2.25+0.73 2.63£1.22 0.86+0.21 0.41
Oscillospira 1.81£0.16 2.39+0.32 2.39+0.28 0.15
Coprococcus 1.91+0.99 2.37+0.67 1.84+0.45 0.66
Phascolarctobacterium 1.70+0.19 2.13+0.64 2.06+0.35 0.83
Ruminobacter 2.01+1.97 1.63£1.26 0.34+0.29 0.27
Clostridium 1.08+0.46 1.34+0.65 0.94+0.21 0.75
Butyrivibrio 0.54+0.11ab 1.16+0.43a 0.24+0.05b <0.05

SRS: Bio-fermented rice straw group; AH: Alfalfa hay group; RT: Rice straw group.
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Figure 4 Microbial composition (genera level) of rumen (A), jejunum (B) and colon (C) in the Hu sheep of

the SRS, AH and RT groups.
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