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Abstract: In this study, we aimed to establish the correlation between ruminal fermentation parame-
ters and the bacterial community by comparing those of the goat, sheep, and cow, thus illustrating
the main bacteria causing the difference in rumen fermentation among goats, sheep, and cows and
providing a new idea for improving the feed digestibility of ruminants. Rumen fluid from goats
(Taihang White cashmere goat, n = 6), sheep (Hu sheep, n = 6), and cows (Holstein cow, n = 6) was
collected using oral intubation and immediately brought back to the laboratory for a fermentation test
with the same total mixed ration (TMR) feed in vitro. The rumen bacterial composition was measured
by high-throughput sequencing of 16S rRNA genes in the MiSeq platform, the gas production (GP)
was recorded after 2, 4, 6, 8, 10, 12, 24, 36, and 48 h of fermentation, and the feed nutrient digestibility
and the rumen fluid parameters were determined after 48 h of fermentation. The results showed that
the 48 h GP of the sheep group was higher than that of the cow group (p < 0.05), and the theoretical
maximum GP was higher than that of the goat and cow groups (p < 0.05). The organic matter di-
gestibility (OMD), dry matter digestibility (DMD), crude protein digestibility (CPD), and gross energy
digestibility (GED) of the sheep group were higher than those of the goat and cow groups (p < 0.05).
The ammonia nitrogen (NH3-N), microbial protein (MCP), and total volatile fatty acids (TVFA)
concentrations of the sheep group were higher than those of the other groups (p < 0.05), and the pH of
the sheep group was lower than those of the other groups (p < 0.05). The 16S rRNA gene sequencing
revealed that bacterial composition also differed in the rumens of the sheep, goat, and cow groups
(ANOSIM, p < 0.05). We then used a random forest machine learning algorithm to establish models
to predict the fermentation parameters by rumen bacterial composition, and the results showed that
rumen bacterial composition could explain most of the ruminal fermentation parameter variation
(66.56%, 56.13%, 65.75%, 80.85%, 61.30%, 4.59%, 1.41%, −3.13%, 34.76%, −25.62%, 2.73%, 60.74%,
76.23%, 47.48%, −13.2%, 80.16%, 4.15%, 69.03%, 32.29%, and 89.96% for 48 h GP, a (GP of quickly
degraded part), b (GP of slowly degraded part), c (GP rate), a + b (theoretical maximum GP), DMD,
OMD, GED, CPD, NDFD, ANDF, pH, NH3-N, MCP, acetic acid, propionic acid, butyric acid, valeric
acid, TVFA, and A:P (acetic acid–propionic acid ratio), respectively). A correlation analysis revealed
that Lactobacillus, Prevotellaceae_UCG-003, Selenomonas, Peptostreptococcus, and Olsenella significantly
correlated with most in vitro fermentation parameters (p < 0.05). A comprehensive analysis showed
that rumen fermentation parameters and bacterial composition differed in goats, sheep, and cows.
The ruminal fermentation parameters of GP, a, b, c, a + b, pH, NH3-N, propionic acid, valeric acid,
and A:P could be accurately predicted by rumen bacteria (explanation > 55% of variation), and the
Lactobacillus, Prevotellaceae_UCG-003, Olsenella, Selenomonas, and Peptostreptococcus were the main
bacteria that affected the in vitro fermentation parameters of goats, sheep, and cows.

Keywords: in vitro fermentation; fermentation parameters; rumen bacterial community; random
forest model

Fermentation 2022, 8, 427. https://doi.org/10.3390/fermentation8090427 https://www.mdpi.com/journal/fermentation

https://doi.org/10.3390/fermentation8090427
https://doi.org/10.3390/fermentation8090427
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fermentation
https://www.mdpi.com
https://doi.org/10.3390/fermentation8090427
https://www.mdpi.com/journal/fermentation
https://www.mdpi.com/article/10.3390/fermentation8090427?type=check_update&version=2


Fermentation 2022, 8, 427 2 of 14

1. Introduction

Rumen fermentation plays an important role in feed efficiency, productivity, and
health for ruminants. With the help of colonized microbes, the rumen can transfer low-
quality plant protein and nonprotein nitrogen to high-quality microbial protein and can
hydrolyze plant fibers to volatile fatty acid (VFA), thus improving the feed digestibility [1].
Some studies have concluded that microbial protein synthesis in the rumen provides the
majority of required protein (accounting for 50 to 80% of the total absorbable protein) [2]
and that VFAs produced in the rumen provide about 75% of the total metabolic energy for
ruminants [3]. Therefore, targeting rumen fermentation is an efficient way to enhance feed
digestion for ruminants.

Understanding the main factor affecting rumen fermentation is the key step in enhanc-
ing rumen feed digestion. Previous studies observed that the feed composition [4], the
feed type, feed processing, and additives could affect rumen fermentation [5,6], but these
feed factors could not explain the feed digestibility differences among different species
of ruminants, even with similar feed, as observed in our previous studies. Some studies
also demonstrated that the composition of rumen bacteria, fungi, and protozoa, as well
as their cooperative and competitive relationships, affect rumen fermentation [7–9], such
as the feed degradation rate of cattle, which can be improved by transferring the rumen
contents of buffalo to the rumens of cattle [10]. The degradation of crude fiber increased
after the removal of protozoa [11], and supplementation with Bacillus licheniformis in feed
increased the digestibility of neutral detergent fiber (NDF), acid detergent fiber (ADF),
and organic matter (OM) [12]. Some studies have also shown that the rumen microbial
community of different species of ruminants differed [13,14]. Thus, we speculated that the
microbiota composition difference of different species of ruminants might contribute to
their feed digestibility variation and that some bacterial taxa might play key roles.

To test this hypothesis, in this study in vitro fermentation, which is a widely used
method to evaluate rumen fermentation, was performed [15], and goats (Taihang White
cashmere goat), sheep (Hu sheep), and cows (Holstein cow) were used as experimental
animals [16,17] to establish the correlation between their rumen bacterial communities and
fermentation parameters with a random forest machine learning algorithm.

2. Materials and Methods
2.1. Animals and Feed Management

The donor animals and experimental procedures were approved by the requirements
of the Ethical Committee of Hebei Agricultural University (ID: KY202016).

Female goats (Taihang White cashmere goat, n = 6), sheep (Hu sheep, n = 6), and
cows (Holstein cow, n = 6) with similar body conditions (3.0 ± 0.5 in body condition
score) were selected as experimental animals, and the goats, sheep, and cows were all at
their fully matured stage at around two years old. The goats, sheep, and cows had mean
rectal temperatures of 38.90 ± 0.87 °C, 39.10± 0.91 °C, and 38.50 ± 1.03 °C and mean body
weights of 36.50 ± 1.02 kg, 48.50 ± 1.25 kg, and 705.60 ± 20.34 kg, respectively. In addition,
two veterinarians evaluated the health status of the animals independently from various
aspects such as heart rate, respiratory rate, and appetite to ensure the animals were in a
healthy condition. The experimental animals were all raised at the laboratory animal center
of Hebei Agricultural University (Baoding, Hebei, China) with the same total mixed ration
(TMR) according to NRC (2001) with a concentrate–roughage ratio of approximately 7:3 and
were fed twice daily (8:00 a.m and 4:00 p.m). All animals were free to access feed and clear
water. Feed and residuals were collected each day, and 500 g subsamples were achieved by
the quartering method for analyzing nutrient levels and providing fermentation substrates,
as in a previous study [18]. The feed composition and nutritional levels are shown in
Table 1.
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Table 1. Feed composition and nutrient levels of the feed (dry matter basis).

Ingredients Content (%) Nutrient Content (%)

Peanut seedling 33.36 ME/(MJ kg−1) 11.00
Soybean meal 13.80 DM 91.52

Corn 50.80 OM 95.63
Limestone 0.31 CP 12.29
NaHCO3 0.42 NDF 33.52

NaCl 0.31 ADF 19.13
Premix 1.00 EE 2.54
Total 100 Starch 26.34

NSC 44.54
Ca 0.79
P 0.38

Note: ME, metabolic energy; DM, dry matter; OM, organic matter; CP, crude protein; NDF, neutral detergent fiber;
ADF, acid detergent fiber; EE, ether extract; NSC, nonstructural carbohydrate; Ca, calcium; P, phosphorus. One
kilogram of the premix contained the following: VA 260 000IU, VD3 86 000IU, VE 600IU, Cu 0.50 g, Zn 3.60 g, Fe
10.60 g, Mn 3.50 g, Se 14 mg, I 110 mg, Co 44 mg. Metabolic energy was a calculated value, and the others were
measured values.

2.2. Rumen Fluid Preparation

After 14 days of adaptation to the experimental diet, approximately 450 mL of rumen
digesta were collected with oral intubation (Anscitech Company, Hangzhou, China) 1 h
before morning feeding from each individual goat, sheep, and cow on the same day [19].
The insertion depth was considered, as the tube approximately reached the bottom of the
rumen based on the body size of each animal. The first 10 mL of achieved digesta were
discarded to avoid saliva contamination, the obtained digesta was filtered through four
layers of sterile cheesecloth, and the rumen fluid was immediately collected and moved
into prewarmed (39 °C) anaerobic thermos flasks (by injecting CO2) in 10 min from the
time the digesta were obtained, which were then brought back to the laboratory for in vitro
fermentation in 2 h. For each animal, 2 mL of rumen fluid was also collected on site and
stored at −80 °C in sterile tubes 5 min after the rumen fluid was obtained for sequencing
the 16S rRNA genes.

2.3. In Vitro Incubation

The rumen buffer (pH = 6.86) was prepared according to the method of Menke [20],
and CO2 was continuously injected into the buffer solution for approximately 30 min prior
to inoculation [21]. The pH of the rumen fluid of each animal was measured with a pH
EL-20 acidometer (Lecurn Fllid Controls Company, Shanghai, China), and all of them were
within a range of 6.7 ± 0.2. The bacterial density of the rumen fluid of each animal was
checked on a bacterial counting plate and adjusted to (5.00 ± 0.25) ×1010 bacteria/mL of
rumen fluid by adding rumen buffer before incubation. After the ruminal inoculum was
obtained for each animal, a total of 2 g of feed substrate (Table 1), 100 mL of rumen fluid,
and 200 mL of prewarmed buffer solution were added to each plastic incubation bag with
500 mL capacity (Anscitech Company, Hangzhou, China). All incubation bags (3 animal
species× 6 individuals for each species× 4 replicates) were deoxygenated and sealed using
a bag vacuum packer (Aodeju Company, Huzhou, China) to create anaerobic conditions.
Then, the incubation bags were placed in a 39 °C thermostatic water bath (Jerriel Company,
Changzhou, Jiangsu, China) with a speed of 45 r/min for incubation. The gas production
(GP) readings (mL) were measured and recorded at 2, 4, 6, 8, 10, 12, 24, 36, and 48 h after
incubation by a graduated syringe. Additionally, three blank incubation bags with rumen
fluid and buffer only without feed substrate were used to correct the GP.

2.4. Sampling

At the end of the 48 h incubation, the plastic incubation bags were immediately moved
into an ice-water bath for 30 min to stop fermentation [22]. The digesta were filtered through
predried and weighted 5.5× 4.5 cm nylon bags (300 mesh), and fermented rumen fluid and
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residuals were separated and collected. The pH of the fermented rumen fluid was measured
immediately after filtering with a pH EL-20 acidometer (Lecurn Fllid Controls Company,
Shanghai, China). Then, the fermented rumen fluid of each incubation bag was divided
among six 2 mL sterile tubes. Two tubes were centrifuged at 4000× g for 15 min at 4 °C, the
supernatants were mixed with 0.2 mL of meta-phosphoric acid solution (250 g/L) at 4 °C
for 30 min, the mixtures were centrifuged at 10,000× g for 10 min at 4 °C, and subsequently,
the supernatants were collected for volatile fatty acid (VFA) analysis [21]. Two tubes were
centrifuged at 3000 r·min−1 for 10 min, the supernatant was separated and stored at−20 °C,
and the concentration of ammonia nitrogen (NH3-N) was determined [22]. The other two
sterile tubes were immediately stored at −20 °C for microbial protein (MCP) analysis [21].
The fermented rumen residuals were withdrawn and sealed up in the 5.5 × 4.5 cm filtered
nylon bags (300 mesh), and the filtered nylon bags were then washed with distilled water
and squeezed manually until the water was clear, and four filter nylon bags containing
pre-incubated feed were also used to correct the escaped feed substrates. Then, all the filter
nylon bags were dried at 65 °C for 48 h for further chemical analysis.

2.5. Chemical Analysis

The diet substrate and un-degraded residuals were dried at 65 °C for 48 h, and the
organic matter (OM), dry matter (DM), gross energy (GE), crude protein (CP), neutral de-
tergent fiber (NDF), acid detergent fiber (ADF), ether extract (EE), starch, and nonstructural
carbohydrate (NSC) were determined by using the AOAC (2016) method [18]. The MCP
concentration was measured by the Coomassie brilliant blue method [23], and the NH3-N
concentration was determined by indophenol colorimetry according to Chaney et al. [24].
The VFA analysis was performed with gas chromatography (7890A, Agilent, United King-
dom) according to the method described by Zhou et al. [25]. Briefly, H2 was used as the
carrier gas with a 30 m × 320 µm × 0.5 µm capillary column (AT-FFAP), the gas chromato-
graph column temperature was set at 1 min hold (60 °C), 5 °C·min−1 to 120 °C (not held),
10 °C·min−1 to 180 °C, the detector temperature was set at 250 °C, and the injection port
temperature was set at 220 °C.

The dry matter digestibility (DMD), organic matter digestibility (OMD), crude protein
digestibility (CPD), gross energy digestibility (GED), neutral detergent fiber digestibility
(NDFD), and acid detergent fiber digestibility (ADFD) were calculated by the weight and
nutrient content change of the substrate (DM basis) before and after in vitro fermentation.

The GP parameters were calculated according to the following formula:

GPt = a + b (1 − e−ct) (1)

where t is a time point during rumen in vitro fermentation (h); GPt is the GP at time t (mL);
a is the GP of the quickly degraded part (mL); b is the GP of the slowly degraded part (mL);
c is the GP rate (×103 h−%), and a + b is the theoretical maximum GP (mL). [26].

2.6. DNA Extraction and High-Throughput Sequencing

A total of 18 samples, with one sample from each individual animal, were used for
DNA extraction and high-throughput sequencing. Bacterial DNA in the rumen fluid was
extracted using the RNeasy Mini kit (Allwegene Tech, Beijing, China) following the manual.
The total DNA concentration and purity were determined using the NanoDropND-1000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The V3–V4 (338–806) re-
gion of the bacterial 16S rDNA genes was amplified with the primers 338 F (5′-ACTCCTAC
GGGAGGCAGCAG-3′) and 806 R (5′-GGACTACHVGGGTWTCTAAT-3′), as described
by Guo et al. [27]. Amplicons were extracted from 2% agarose gels, purified using the
AxyPrepDNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA), and quanti-
fied using the PCR carried out on a Mastercycler Gradient (Eppendorf, Hamburg, Germany)
in 28 µL reaction volumes containing 12.5 µL of 2xTaq Plus Master Mix, 1 µL of Forward
Primer (5 µM), 1 µL of Reverse Primer (5 µM), 3 µL of BSA (2 ng/µL), 3 µL of DNA (total
template quantity was 30 ng), and 7.5 µL of ddH2O. The PCR amplification procedure was
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performed as follows: pre-denaturation for 5 min (94 °C); denaturation for 30 s (94 °C),
annealing for 30 s (50 °C), extension for 60 s (72 °C), 30 cycles; final extension for 7 min
(72 °C). High-throughput sequencing was performed on the Illumina MiSeq (Illumina,
San Diego, CA, USA) platform.

2.7. Bioinformatic Analysis

The raw data based on the Illumina HiSeq sequencing platform (Illumina, San Diego,
CA, USA) were screened by a quality control process (Trimmomatic v 0.36), double-end
splicing (Flash v 1.2.0 and Pear v 0.9.6), and chimera removal (Uchime v 4.2). A total
of 266,865, 284,931 and 293,881 raw tags and 259,267, 270,789 and 281,722 clean tags
were obtained for the goat, sheep, and cow groups, respectively, with 43,211, 45,131, and
46,953 clean tags (reads) for each individual of the goat, sheep, and cow groups, respectively.
Then, operational taxonomic units (OTUs) were de novo-clustered with a 97% sequence
similarity cutoff using UPARSE (version 7.1, https://www.nature.com/articles/nmeth.26
04, accessed on 17 June 2022). Finally, 1346, 2649, and 3541 OTUs were obtained for the goat,
sheep, and cow groups, respectively. The OTUs were then taxonomically annotated based
on the Silva (bacteria) taxonomic database. The QIIME2 software (https://qiime2.org,
accessed on 17 June 2022) was used to calculate the alpha diversity (Chao1 and Shannon
indices) and the beta diversity (principal coordinates analysis (PCoA) based on the Bray–
Curtis distance). The multisample rarefaction curve indicated the curve reached a plateau
at about 20,000 reads, and the sequencing coverage was saturated (Figure S1).

2.8. Statistical Analysis

All fermentation parameters (n = 6 for each animal species and each parameter of each
individual animal was calculated by the means of the four repeatedly measured replicates)
were analyzed using the one-way ANOVA of SPSS 22.0 (SPSS, Chicago, IL, USA) software
with a model of yi = µ + xi + ei, where yi is the dependent parameters, µ is the overall mean,
xi is the effect of groups (goats, sheep, or cows), and ei is the residual error. Duncan’s multi-
ple comparison method was used to assess differences between the groups, and a significant
difference was considered at p < 0.05. The prediction model for the in vitro fermentation pa-
rameters using bacterial composition was based on random forest in R software (version 3.6.3,
https://link.zhihu.com/?target=https%3A//www.r-project.org, accessed on 17 June 2022)
with the randomForest package (version 4.6–14, https://stackoverflow.com/questions/68
972153/r-randomforest-localimp-for-test-set, accessed on 17 June 2022), which was also
screened by the increase in the mean squared error (%IncMSE) and cross-validation curve.
Bacterial biomarkers were determined by the lowest cross-validation error and the top
IncMSE score. The correlations between the in vitro fermentation parameters and rumen
bacteria (relative abundance > 0.5%) were analyzed by spearman correlation tests. The
p value of the bacterial abundance comparison and the correlation of the in vitro fermen-
tation parameters with the rumen bacterial biomarker taxa were adjusted in R software
with the p.adjust function, and a significant difference was considered at (adjusted p-value)
FDR < 0.05.

3. Results
3.1. Comparison of Ruminal Cumulative GP and GP Parameters between the Goat, Sheep, and Cow

The GP at each time point was lowest in the cow group. In particular, the 48 h
cumulative GP of sheep and goats was higher than that of cows (p < 0.05). The GP of the
quickly degraded part (a) of the cow group was lower than those of the goat and sheep
groups (p < 0.05), the GP of the slowly degraded part (b) and the theoretical maximum GP
(a + b) of the sheep group were significantly higher than those of the other groups (p < 0.05),
and the GP rate (c) was highest in the goat group and lowest in the cow group (p < 0.05)
(Table 2).

https://www.nature.com/articles/nmeth.2604
https://www.nature.com/articles/nmeth.2604
https://qiime2.org
https://link.zhihu.com/?target=https%3A//www.r-project.org
https://stackoverflow.com/questions/68972153/r-randomforest-localimp-for-test-set
https://stackoverflow.com/questions/68972153/r-randomforest-localimp-for-test-set
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Table 2. Ruminal cumulative GP and GP parameters (mL/g DM) of the goat, sheep, and cow.

Items Goat Sheep Cow SEM p-Value

2 h GP (mL/g) 39.75 a 35.59 a 17.59 b 3.129 0.002
4 h GP (mL/g) 70.75 a 57.59 a 31.42 b 4.642 0.001
6 h GP (mL/g) 95.67 a 80.34 b 46.67 c 5.627 0.001
8 h GP (mL/g) 118.42 a 95.09 b 59.67 c 6.390 0.001

10 h GP (mL/g) 139.00 a 103.84 b 72.25 c 7.155 0.001
12 h GP (mL/g) 157.42 a 113.34 b 83.42 c 7.971 0.001
24 h GP (mL/g) 246.25 b 302.92 a 120.67 c 20.342 0.001
36 h GP (mL/g) 307.00 a 340.09 a 213.09 b 15.541 0.001
48 h GP (mL/g) 321.59 a 371.25 a 223.67 b 17.554 0.001

a (mL/g) 8.81 a −9.50 a 5.85 b 2.407 0.001
b (mL/g) 358.76 b 513.44 a 412.38 b 18.011 0.004

c (×103h/%) 0.03 a 0.02 b 0.01 c 0.002 0.001
a + b (mL/g) 367.57 b 503.94 a 418.23 b 20.380 0.011

Note: GP, gas production; a, GP of quickly degraded part; b, GP of slowly degraded part; c, GP rate; a + b,
theoretical maximum GP. Different uppercase letters in the same row indicate significant differences among
groups (p < 0.05).

3.2. Comparison of Feed Nutrient Degradation between the Goat, Sheep, and Cow

The OMD, DMD, CPD, and GED of the sheep group were significantly higher than
the goat and cow groups (p < 0.05), and the NDFD and ADFD were not different among
groups (p > 0.05) (Table 3).

Table 3. Feed nutrient degradation of the goat, sheep, and cow.

Items% Goat Sheep Cow SEM p-Value

OMD 64.22 b 68.31 a 63.20 b 0.749 0.005
DMD 64.49 b 67.08 a 62.64 b 0.495 0.001
CPD 61.53 b 68.90 a 61.15 b 1.020 0.001
GED 59.92 b 63.27 a 58.67 b 0.706 0.012

NDFD 40.57 43.12 37.95 1.176 0.207
ADFD 39.24 34.23 31.43 1.817 0.213

Note: OMD, organic digestibility; DMD, dry matter digestibility; CPD, crude protein digestibility; GED, gross
energy digestibility; NDFD, neutral detergent fiber digestibility; ADFD, acid detergent fiber digestibility. Different
uppercase letters in the same row indicate significant differences among groups (p < 0.05).

3.3. Comparison of Rumen Fluid Parameters between the Goat, Sheep, and Cow

The pH of the sheep group was significantly lower than those of the goat and cow
groups (p < 0.05), and the NH3-N and MCP concentrations of the sheep group were
significantly higher than those of the other groups (p < 0.05). The acetate concentration
of the sheep group was significantly higher than that of the cow group (p < 0.05), and the
propionate concentration of the sheep and cow groups were significantly higher than that
of the goat group (p < 0.05). The butyrate, valeric acid, and TVFA concentrations of the
sheep group were significantly higher than those of the goat and cow groups (p < 0.05), and
the acetic acid–propionic acid ratio (A:P) of the goat group was significantly higher than
those of the other groups (p< 0.05) (Table 4).
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Table 4. Rumen fluid parameters of the goat, sheep, and cow.

Items Goat Sheep Cow SEM p-Value

pH 6.22 a 5.78 b 6.17 a 0.049 0.001
NH3-N (mg/dL) 16.06 b 23.64 a 10.10 c 1.355 0.001

MCP (ug/mL) 115.11 b 166.64 a 120.53 b 2.857 0.001
Acetate (mmol/L) 85.94 ab 91.60 a 79.26 b 1.970 0.026

Propionate (mmol/L) 14.13 b 36.82 a 30.77 a 2.616 0.001
Butyrate (mmol/L) 5.032 b 8.283 a 3.487 b 0.609 0.001

Valeric acid (mmol/L) 1.433 b 6.665 a 2.192 b 0.678 0.001
TVFA (mmol/L) 106.06 b 143.37 a 115.71 b 1.985 0.001

A:P 6.088 a 2.523 b 2.767 b 0.420 0.001
Note: NH3-N, ammonia n; MCP, microbial crude protein; TVFA, total volatile fatty acid; A:P, acetic acid–propionic
acid ratio. Different uppercase letters in the same row indicate significant differences among groups (p < 0.05).

3.4. Comparison of the Rumen Bacterial Community between Goat, Sheep, and Cow

The Chao 1 index and Shannon index had no differences between the sheep and cow
groups (p > 0.05), but that of the goat group was lower than the sheep and cow groups
(p < 0.05) (Figure 1A,B). A PCoA showed that bacterial composition was significantly
different among the sheep, goat, and cow groups (R = 1; ANOSIM p < 0.05) (Figure 1C). A
total of 1122 OTUs were obtained in the current experiment. The shared OTUs in the goat,
sheep, and cow groups only accounted for 37.61%, and the unique OTUs in the goat, sheep,
and cow groups were 2.23%, 5.08%, and 20.68%, respectively (Figure 1D).
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Figure 1. Diversity analysis of rumen bacterial community in goats, sheep, and cows. (A) Chao1
indices of rumen bacteria in goat, sheep, and cow groups; (B) Shannon indices of rumen bacteria
in goat, sheep, and cow groups; (C) Principal coordinates analysis (PCoA) based on Bray–Curtis
distance of rumen bacteria in goat, sheep, and cow groups; (D) Venn analysis of OTUs of rumen
bacteria in goat, sheep, and cow groups. Different letters indicate significant differences among
groups (p < 0.05).
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3.5. Comparison of Rumen Bacterial Composition between the Goat, Sheep, and Cow

In total, 18 phyla, 32 classes, 64 orders, 107 families, and 239 genera were detected. At
the phylum level, four phyla had relative abundances greater than 1%, and the relative
abundance of Firmicutes accounted for 61.68% and 59.15% in the sheep and cow groups,
which was significantly higher than that of the goat group (p < 0.05). The relative abun-
dance of Proteobacteria in the goat group was highest, while that in the sheep group was
lowest among the three groups (p < 0.05), and the relative abundances of Bacteroidota and
Actinobacteriota of the sheep group were significantly higher than those of the goat group
(p < 0.05) (Table 5). At the genus level, 11 genera had relative abundances greater than 1%.
Escherichia-Shigella was the dominant genera in the goat group; Prevotella, Streptococcus, and
Olsenella were the dominant genera in the sheep group; and Prevotella, Streptococcus, and
Escherichia-Shigella were the dominant genera in the cow group when considering relative
abundances higher than 10%. The relative abundance of Escherichia-Shigella in the sheep
group was significantly lower than those of the goat and cow groups (p < 0.05), the relative
abundances of Prevotella and Streptococcus in the sheep and cow groups were significantly
higher than those of the goat group (p < 0.05), and the relative abundance of Olsenella in
the sheep group was significantly higher than those of the goat and cow groups (p < 0.05)
(Table 6).

Table 5. Comparison of the bacterial composition between goat, sheep, and cow at the phylum level.

Items% Goat Sheep Cow SEM FDR

Firmicutes 13.03 b 61.68 a 59.15 a 0.055 0.001
Proteobacteria 75.69 a 1.21 c 18.26 b 0.078 0.001
Bacteroidota 8.36 b 24.67 a 21.59 a 0.022 0.001

Actinobacteriota 2.47 b 11.76 a 0.57 b 0.013 0.001
Note: Different uppercase letters in the same row indicate significant differences among groups (FDR < 0.05).

Table 6. Comparison of the bacterial composition between goat, sheep, and cow at the genus level.

Items% Goat Sheep Cow SEM FDR

Prevotella 7.08 b 22.86 a 15.55 a 0.020 0.001
Lactobacillus 0.03 b 6.36 a 0.41 b 0.008 0.001

Lachnoclostridium 0.03 c 0.34 b 1.48 a 0.002 0.001
Streptococcus 5.15 b 44.01 a 48.85 a 0.048 0.001
Selenomonas 0.05 b 2.58 a 0.14 b 0.003 0.001

Clostridium_sensu_stricto_7 0.01 b 1.39 a 0.19 b 0.003 0.009
Rikenellaceae_RC9_gut_group 0.10 b 0.65 ab 1.19 a 0.002 0.014
Clostridium_sensu_stricto_1 0.28 b 0.16 b 1.20 a 0.001 0.001

Olsenella 2.22 b 11.30 a 0.35 b 0.012 0.001
Prevotellaceae_YAB2003_group 0.01 b 0.08 b 3.50 a 0.007 0.009

Escherichia-Shigella 74.65 a 0.75 c 16.69 b 0.078 0.001
Note: Different uppercase letters in the same row indicate significant differences among groups (FDR < 0.05).

3.6. Prediction of Fermentation Parameters by Rumen Bacterial Composition Based on Random
Forest Machine Learning Algorithm

The in vitro fermentation parameters were predicted by rumen bacterial composition
at the genus level using the random forest machine learning algorithm. First, we observed
that the rumen bacterial community at the genus level could explain 80.16% of the variation
in the propionic acid content in the goat, sheep, and cow groups, and with the cross-
validation error curve, 10 genera were detected as biomarker taxa (Figure 2). Using the
same method, we also predicted the other fermentation parameters (48 h GP, a, b, c, a + b,
DMD, OMD, GED, CPD, NDFD, ANDF, pH, NH3-N, MCP, acetic acid, butyric acid, valeric
acid, TVFA, and A:P), and the rumen bacterial community could explain most of the
fermentation parameters (Table 7).
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Figure 2. Prediction of propionic acid by rumen bacterial community based on random forest machine
learning algorithm.

Table 7. Prediction of the in vitro fermentation parameters by rumen bacterial community based on
random forest machine learning algorithm.

Items GP a b c a + b DMD OMD GED CPD NDFD ADFD pH NH3-N MCP Acetate Butyrate Valeric
Acid TVFA A/P

Var
explained

(%)
66.56 56.13 65.75 80.85 61.30 4.59 1.41 −3.13 34.76 −25.62 2.73 60.74 76.23 47.48 −13.2 4.15 69.03 32.29 89.96

biomarker
taxa 34 23 34 23 13 34 10 23 23 57 15 23 15 15 72 51 6 34 5

Note: biomarker taxa, the number of rumen bacteria with lowest cross-validation error screened by random forest
machine learning algorithm.

3.7. Correlation of the In Vitro Fermentation Parameters with Rumen Bacterial Biomarker Taxa

Correlations of the dominant bacterial biomarker taxa (relative abundance higher than
0.5%) with rumen fermentation parameters were constructed, and a total of 22 bacterial
taxa at the genus level were observed to be significantly correlated with rumen fermenta-
tion parameters (p < 0.05). Among these, Lactobacillus, Olsenella, Prevotellaceae_UCG-003,
Selenomonas, and Peptostreptococcus were positively correlated with most of the in vitro
fermentation parameters (p < 0.05), while some potential pathogens, such as Citrobacter
and Escherichia-Shigella, were negatively correlated with most of the in vitro fermentation
parameters (p < 0.05) (Figure 3).
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Note: The dominant bacterial biomarker taxa: relative abundance≥ 0.5% with lowest cross-validation
error screened by random forest machine learning algorithm in Table 7. GP, gas production; a, GP of
quickly degraded part; b, GP of slowly degraded part; c, GP rate; a + b, theoretical maximum GP;
OMD, organic matter digestibility; DMD, dry matter digestibility; GED, gross energy digestibility;
CPD, crude protein digestibility; NDFD, neutral detergent fiber digestibility; ADFD, acid detergent
fiber digestibility; TVFA, total volatile fatty acid; NH3-N, ammonia n; MCP, microbial protein; A:P,
acetic acid–propionic acid ratio; * FDR < 0.05, ** FDR < 0.01, *** FDR < 0.001.

4. Discussion

Gas production (GP) is produced by rumen microorganisms, and it is positively
correlated with both the feed quality and the activity of rumen microorganisms [28,29]. In
this study, even with the same feed substrate, we observed different GP and GP parameters
between different species of ruminants, and the sheep group had the highest GP and
theoretical maximum GP (a + b). Correspondingly, we also observed that the nutrient
digestibility of OM, DM, CP, and GE in the goat and cow groups were lower than that of
the sheep group, although no difference was observed in the nutrient digestibility of NDF
and ADF between the goat, sheep, and cow groups. Li et al. previously found that the
anaerobic fungi population in the sheep rumen were greater than that of the goat, but the
bacteria and ciliates populations were smaller than those of the goat [30]. The ability of
gas production and the degradation of plant fragments for different microbes differed [31],
which might be the reason why gas production and feed digestibility differed between the
goat, sheep, and cow groups, even when the same feed was provided.

Ruminal pH is an important indicator of the homeostasis of the rumen metabolism
and environment and usually varies from 5.0 to 7.5 [32]. In this study, the ruminal pH
values of the goat, sheep, and cow groups were all within the normal range, but the ruminal
pH of the sheep group was lower than those of the goat and cow groups, and there were
no significant differences between the goat and cow groups. This might be caused by
the greater quantities of TVFA produced during the rumen microbial fermentation of
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the sheep, but no significant difference in the TVFA produced by goats and cows was
observed. Domngue et al. [33] also found that goats and sheep with the same forage feed
also had different VFA contents in the rumen, indicating the microbes in different species of
ruminants might contribute to the ruminal pH and VFA content variations. Isac et al. [34]
found that the A:P of goats was significantly higher than that of sheep, which is the same
as our findings. Some studies inferred that methyl malonyl CoA mutase activity played
an important role in changing propionic acid production in the rumen and causing the
dysregulation of glucose homeostasis for ruminants, which were mainly produced by
Prevotella, which could be affected by multiple factors [35,36]. We also observed that the
relative abundances of Prevotella in the sheep and cow groups were higher than that of
the goat group as well as low propionic acid production in the rumens of goats, which
may be the main reason for the increased A:P. NH3-N can be used to synthesize MCP
and is the intermediate product of rumen microbial decomposition of nitrogen-containing
substances, The optimal concentration range of NH3-N is 2.37–27.3 mg/dL [37], and MCP
is the most important nitrogen source for ruminants, providing 40%−80% of their protein
requirements. In this study, the content of NH3-N and MCP in the sheep group was also
higher than in the goat and cow groups.

We found that there were significant differences in the bacterial communities of
the goat, sheep, and cow. Firmicutes were the main dominant phyla of the sheep and
cow, but Proteobacteria was the main dominant phylum of the goat. Firmicutes could
improve the abundance of genes encoding enzymes related to energy metabolism [38],
promote the digestibility of oligosaccharides, starch, and cellulose [39], and improve the
enzyme activity and rumen fermentation. Proteobacteria are Gram-negative bacteria,
mainly including escherichia coli, vibrio, spirobacter, and other pathogens, most of which are
the main factors threatening the health of livestock [40]. At the genus level, Prevotella and
Streptococcus were the main dominant genera of the sheep and cow. Streptococcus could
obtain glucose through the phosphotransferase system and produce lactic acid through
glycolysis or the hexose diphosphate pathway [41]. It was found that starch-based high-
concentrate feed can cause the rapid proliferation and growth of Streptococcus in the rumens
of ruminants, which generate large amounts of lactic acid by fermentation with easily
fermentable carbohydrates [42], resulting in lactic acid accumulation and accelerating the
process of rumen acidosis. Therefore, maintaining rumen Streptococcus in the normal range
was of great significance for preventing rumen acidosis in ruminants. The results of this
study suggest that the high abundance of Streptococcus in the sheep and cow rumens might
induce a greater susceptibility to rumen acidosis than the goat.

Multiple differences in bacterial composition and fermentation parameters were ob-
served between goats, sheep, and cows, and we inferred that the bacterial community
differences between goats, sheep, and cows contributed to the fermentation parameter
alterations. With the random forest machine learning algorithm, we found that most of the
in vitro fermentation parameters could be accurately predicted by rumen bacterial compo-
sition. In addition, we made a correlation heat map based on the bacteria selected from the
random forest model to determine the main bacteria that affect the fermentation parameters.
The results showed that Prevotellaceae_UCG-003, Lactobacillus, Olsenella, Selenomonas, and
Peptostreptococcus were the main bacteria that affected the in vitro fermentation parameters
of ruminants. Prevotellaceae_UCG-003 belongs to the family Prevotellaceae, which could
increase rumen propionic acid content and promote feed digestion [35]. A high abundance
of Lactobacillus could reduce ruminal pH and restrain the aerobic consumption caused by
harmful bacteria growth [43], so Lactobacillus abundance was also significantly positively
correlated with most fermentation parameters. Olsenella and Peptostreptococcus are anaero-
bic bacteria that produce lactic acid from glucose fermentation, similar to the metabolites
of Lactobacillus [44]. Selenomonas is a very important lactic acid utilization bacterium in
the rumen, which could reduce rumen lactic acid accumulation, stabilize ruminal pH,
provide a suitable environment for rumen microorganisms, and accelerate the production
of propionic acid [45], thus enhancing rumen fermentation.



Fermentation 2022, 8, 427 12 of 14

We could accurately predict the fermentation parameters of GP, a, b, c, a + b, pH,
NH3-N, propionic acid, valeric acid, and A:P by rumen bacteria (explanation > 55% of
variations), but the predictive effect for DMD, OMD, GED, CPD, NDFD, ADFD, MCP, acetic
acid, butyric acid, and TVFA were inadequate, especially for feed digestibility. The rumen
microbial community is composed of bacteria, fungi, and protozoa, and they also have
complex relationships in predation, competition, and even interdependence, which could
also affect rumen fermentation. Some studies have demonstrated that rumen fungi could
infiltrate plant cell walls through abundant rhizoids, erode plant tissues, and decrease
the tension of plant fragments [46]. Rumen protozoa could affect the digestibility of
carbohydrates and protein and also have the ability to survive phagocytosis activity to
conserve the relative abundance of rumen bacteria [47]. Thus, although the rumen bacteria
were the main rumen microbial community of ruminants, rumen fungi and protozoa
performed an important role in the process of feed degradation, which might be the main
reason for the insufficient prediction effect of feed digestibility in the current experiment.
In the future, further studies on the effects of rumen fungi and protozoa on ruminal
fermentation parameters and adding the main rumen fungi and protozoa that cause the
differences in feed digestibility among goats, sheep, and cows in the prediction model
might contribute to a better prediction.

Although the bacterial community analysis based on the 16S rRNA genes did not
allow for species level comparisons, our findings from bacterial ecology at the phylum
and genus levels indicated that the in vitro fermentation parameter differences between
the goat, sheep, and cow were due to their different bacterial communities and hinted that
targeting rumen bacteria might be an efficient way to manipulate rumen fermentation. The
strategy of rumen bacteria regulation is of great promise and needs to be further studied.

5. Conclusions

Our results showed that the rumen fermentation parameters and bacterial composition
differed in goats, sheep, and cows. At the phylum level, Firmicutes were the main dominant
phyla of the sheep and cow, but Proteobacteria was the main dominant phylum of the
goat; at the genus level, Prevotella and Streptococcus were the main dominant genera of the
sheep and cow, while Escherichia-Shigella was the main dominant genus of the goat. The
fermentation parameters of GP, a, b, c, a + b, pH, NH3-N, propionic acid, valeric acid, and
A:P could be accurately predicted by rumen bacteria (explanation > 55% of variations), and
Lactobacillus, Prevotellaceae_UCG-003, Olsenella, Selenomonas, and Peptostreptococcus were the
main bacteria that affected in vitro rumen fermentation parameters.
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