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Abstract: Endophytic fungal infection is the major reason for intoxication of animals caused by
drunken horse grass. Fortunately, it has been established that seed detoxification techniques and iso-
lation of endophytic fungi infect non-endophytic fungi populations with the same genetic background
as endophyte-infected Achnatherum inebrians. Moreover, sheep can use endophyte-free Achnatherum
inebriants (EF) without obvious toxicity symptoms. The present study selected EF as a representative
grass, consisting of five different replacement levels, EF0, EF25, EF50, EF75, and EF100, corresponding
to 0%, 25%, 50%, 75%, and 100% of the fermentation substrate, respectively. Simultaneously, in vitro
fermentation and the 16S rRNA amplicon sequencing method was used to explore the effect of EF on
sheep ruminal fermentation and microbial diversity. The results revealed that EF100 had the highest
values for pH, acetate: propionate, the Patescibacteria, Kiritimatiellaeota, and Synergistetes phylum
levels, Ruminococcaceae, Prevotellaceae, and Saccharofermentans genus levels than the other treatments
(p < 0.05). In contrast, EF25 was associated with higher levels of abundance-based coverage estimator
(ACE), Chaol index of the phyla Synergistetes and Bacteroidetes, and of the genus Erysipelotrichaceae,
Rikenellaceae, and Prevotella as compared with other treatments (p < 0.05). EF50 resulted in the great-
est values for the genus Christensenellaceae and Lachnospiraceae as compared with other treatments
(p < 0.05). EF75 resulted in the greatest values for the Shannon index as compared with other treat-
ments (p < 0.05). EFO0 resulted in the greatest values for gas production (GP), ammonia nitrogen
(NH3-N), total volatile fatty acid (TVFA), acetate, propionate, butyrate, valerate, isobutyrate, iso-
valerate, and the phyla Firmicutes, Proteobacteria, and Spirochaetes, and the genus Succiniclasticum,
Ruminobacter, Family_XIII and Treponema as compared with other treatments (p < 0.05). PICRUSt2
analysis indicated that most of the functional prediction pathways were involved in Carbohydrate
metabolism and, Amino acid metabolism. Therefore, the recommended ratio of EF in sheep diet
should range from 25% to 50%, and the maximum proportion should not exceed 75%.

Keywords: Achnatherum inebrians; Epichloé gansuensis; in vitro fermentation; microbial community; sheep

1. Introduction

Drunken horse grass (Achnatherum inebrians) is a perennial herb of Achnatherum in
Gramineae that is widely distributed in the alpine and subalpine grasslands of China [1].
This grass is infected by the fungal endophyte Epichloé gansuensis that belonging to the
family Clavicipitaceae [2—4]. The fungus and grass form a mutually beneficial symbiosis
which can cause toxicity in grazing animals and result in economic losses to grassland ani-
mal husbandry [5]. Meanwhile, searching for alternative feed resources that are palatable,
low-cost, and can meet the nutritional requirements of the ruminants are one of major goals
for livestock farming [6-8]. Fortunately, it has been established that seed detoxification
techniques and isolation of endophytic fungi infect and non-endophytic fungi populations
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with the same genetic background as endophyte-infected A. inebrians [2], and interestingly
it seemed that sheep can effectively use endophyte-free A. inebrians (EF) without obvious
toxicity symptoms [9]. In addition, optimizing and maintaining the stability of rumen
microflora is an important means to improve feed utilization rate and animal production
performance [10-12]; furthermore, the changes of rumen microflora are affected by num-
ber of factors, and the structure and composition of diet are considered to be important
factors [13,14].

To our knowledge, previous studies have focused on elucidating of effects endophyte-
infect A. inebrians in toxic doses and other physiological parameters for livestock [2,15].
As mentioned above, EF can be ingested by sheep without toxicity symptoms caused by
drunken horse grass (endophyte-infect A. inebrians), but the significance of EF as a forage
on rumen fermentation and microbiota is still unknown, which limits the application of
this potential feed resource to a certain extent. Therefore, the current experiments were
conducted to reveal the impact of EF on sheep rumen fermentation characteristics and
bacterial flora through amplicon sequencing, which may help to provide a scientific basis
on a reasonable addition ratio in sheep diet for EF.

2. Materials and Methods
2.1. Origin and Preparation of EF

Prior to planting, the 200 seeds that were obtained by collecting from a single plant of
A. inebrians were treated with thiophanate-methyl fungicide to eliminate the endophyte
according to the procedure by Li et al. [2], and planted in test field of the Yuzhong Campus
of Lanzhou University, China (Yuzhong site: 35°87’ N, 104°09’ E, elevation 1731 m). The
endophyte-infection status of all plants was microscopically confirmed using leaf sheath
examination and aniline blue-staining. Those showed that endophyte infection was <5% for
EF plants. The EF grasses in the yellowing stage were harvested, and the endophyte-free
status of all plants was again verified as described above. The EF samples were dried in
the shade, cut into sections afterwards, crushed with a crusher through a 40-mesh sieve,
and saved for evaluation.

2.2. Rumen Fluid Donors and Management

The animal care and management procedures involved in the study were permitted
by the Ethics Committee of College of Pastoral Agriculture Science and Technology of
Lanzhou University. Twelve healthy adult castrated male small-tailed Han sheep (body
weight, 56 £ 2.8 kg) were used as rumen fluid donors from the Taixiang Sheep Farm in
Neiguan County, Dingxi City, Gansu Province (Neiguan site: 35°58' N, 104°62’ E, elevation
2035 m). During the experiment, each sheep was fed 2.1 kg pellet type total mixed ration
(PTMR) twice a day (08:00 and 17:00 h), and was provided with drinking clean water freely.
The sheep PTMR was composed of corn stalk (38.0%), alfalfa powder (12.0%), corn meal
(15.5%), soybean meal (20.8%), wheat bran (4.5%), molasses (3.5%), salt (0.7%), and premix
(Calcium monophosphate, 3.5%; Vitamin and trace element additive, 1.5%).

2.3. In Vitro Fermentation Assay

For the in vitro fermentation assay, about 100 mL of rumen fluid from each donor
sheep was collected via the sheep’s esophageal tube by the rumen fluid samples collector
(Anscitech) before morning feeding. The samples were pooled and thoroughly mixed, and
then filtered through four layers of gauze. The buffer solution was prepared according
to McFarlane [16], then mixed with filtered rumen fluid in a buffer/rumen fluid ratio
of 2:1. Throughout the procedure, the fluid was maintained at a constant temperature
of 39 °C, and CO, was continuously introduced to maintain an anaerobic environment.
Treatments were used as fermentation substrates as follows: EF0, EF25, EF50, EF75, and
EF100 were defined as EF replacement of 0% (i.e., 100% PTMR), 25%, 50%, 75%, and
100% of the fermentation substrate, respectively. Nutrient composition of the ferment
feed was shown in Table 1. The in vitro fermentation test was carried out referring to
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the method of Egbert et al. [17]. Each treatment was set with three parallel samples and
was analyzed. We accurately weighted an equal amount of substrate sample (400 mg)
and put it into a nylon bag (300-um mesh) with about 10 g of glass beads. Each bag was
sealed and placed within a specially designed 100 mL syringe. The 40 mL rumen fluid
mixture was rapidly injected into the syringe. All air in the syringe was exhausted and
sealed, and placed in a 39 °C constant temperature oscillator for the in vitro fermentation
test. Blank treatments were set up without fermentation substrate, containing only rumen
fluid and buffer solution to correct for nonspecific gas production (GP). Gas production
was recorded at various intervals (3, 6, 9, 12, 24, 36, 48 h) over the following 48 h. The
recorded GP values were added to record the 48 h cumulative GP. The contents of the
nylon bag containing the substrate at the 48 h fermentation time point were removed,
washed repeatedly with water, dried, and weighed after drying at 105 °C to measure the
dry matter (DM). Ferment feeds were analyzed for DM, organic matter (OM), crude protein
(CP), and crude ash (Ash) using the procedures described in AOAC [18]. The procedures
described by Goering and van Soest [19] were used to measure neutral detergent fiber (NDF)
and acid detergent fiber (ADF). Ergonovine and ergine were performed by 1100 series
high-performance liquid chromatography (Agilent Technologies, PaloAlto, CA, USA) of
EF [9]. At the same time, the pH values of culture medium were tested with a pH meter
(pHSJ-3E, Aerospace Computer Co., Qingdao, China). One portion (10 mL) of culture
medium was stored at —20 °C, and used to determine total volatile fatty acid (TVFA) and
ammonia-nitrogen (NH3-N) concentrations. For TVFA and NH3-N determination, the
rumen fermentation fluids medium was centrifuged at a speed of 13,000 g for 10 min.
The TVFA were determined on the gas chromatograph (Agilent 6850, Agilent Technologies)
containing the flame ionization detector and the polarizing capillary chromatographic
column (30 m x 0.25 mm x 0.25 um) [20]. The quantification of NH3-N in a supernatant
was carried with the continuous flow analysis (SKALAR San++) [21]. The second portion
(10 mL) was stored at —80 °C for subsequent DNA extraction and amplicon sequencing.

Table 1. Nutrient composition of the ferment feed during the experiment (g/kg of DM 1).

Item 3
Ferment Feed 2
OM CcpP NDF ADF Ash Ergonovine  Ergine
EF 906 105 633 317 94 ND * ND
PTMR 875 163 418 215 112 ND ND

1 DM, Dry matter. 2 EF: endophyte-free Achnatherum inebriants; PTMR: pellet type total mixed ration for sheep.
3 OM: organic matter; CP: crude protein; NDF: neutral detergent fiber; ADF: acid detergent fiber: Ash: crude ash.
4 ND: Not Detectable.

2.4. DNA Extraction and Sequencing

In order to study the microbial community in the fermentation medium, we extracted
DNA using the NucleoSpin 96 DNA Kit (MN). Amplification and sequencing were per-
formed according to the reported procedures [22]. High-throughput sequencing using
16S rDNA had analyzed the guts microbial community structure. All the operation pro-
cesses, including the rumen fluid DNA extraction and amplification, library construction
and sequencing, and data analysis were performed by Biomarker Technologies Corpo-
ration, Beijing, China. The rumen bacterial 16S rDNA genes were amplified using bar-
coded conserved bacterial primers 338F (5'-ACTCCTACGGGAGGCAGCA-3') and 806R
(5’-GGACTACHVGGGTWTCTAAT-3') [23]. A MiSeq DNA sequencing platform Illumina
HiSeq 2500 sequenced the amplified library. In the Solexa PCR system (Biomarker Tech-
nologies Co., Ltd., Beijing, China), the total volume of each reaction was 20 uL. It contained
0.5 uL full-type gold enzyme, 4 uL of each primer, 8 uL DNA template, 3 uL stock solution,
and 4.5 uL ddH,O;. The cycle parameters are as follows: 98 °C for 2 min; 30 cycles of 98 °C
for 30's, 50 °C for 30 s, 72 °C for 1 min; and at 72 °C for 10 min. Note that all PCRs were
carried out in 96-well plates (Applied Biosystems, Union City, CA, USA). PCR products
were analyzed by ethidium bromide staining on 1.8% (w/v) agarose gel [24]. Then, the
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PCR products of each sample were purified with the PCR Omega DNA Purification kit
(Omega Bio-Tek, Norwalk, CA, USA). After purification, all samples were collected at
equimolar concentrations and paired end sequencing (2 x 250) was performed on the
MiSeq platform (Illumina Inc., Norwalk, CA, USA). The amplicons containing ambiguous
nucleotides, amplicons with a quality score of < 20 and those that lacked complete primer
sequences and bar codes were not considered for sequencing reading for further analysis.
Related indexes such as bacterial community indices, operational taxonomic unit (OTU)
richness, alpha diversity indices (Chaol, Shannon, and Ace), beta diversity, clustering,
and principal component analysis (PCA) were analyzed using QIIME, UniFrac distance
matrices software, all at BMK Cloud (www.biocloud.net, accessed on 11 January 2020).
For linear discriminant analysis (LDA), the statistical differences between different treat-
ments with LDA scores greater than 4, and the redundancy analysis (RDA) between rumen
environmental characteristics and the composition of the microbial communities in the
guts were performed. The phylogenetic investigation of the community was studied by
reconstruction of unobserved states (PICRUSt) analysis (http://picrust.github.io/picrust/,
accessed on 3 January 2021), used to predict the effect of EF addition levels changes [25].
Under the accession numbers PRJNA656074, the DNA sequences employed in the current
study were deposited in the Sequence Read Achieve (SRA) of NCBI database.

2.5. Calculations and Statistical Analyses

The percentage of the difference between the initial DM value of the culture substrate
and after 48 h in the initial DM was considered as the digestibility of dry matter (DDM).
Meanwhile, the exponential equation described by Jrskov and McDonald [26] was used
to analyze the kinetics of GP. The equation was as follows: GP =a + b x (1 — e ), where
GP is gas production at time t, e is the natural logarithm, a is the volume of gas produced
by rapid fermentation (in mL), b is the volume of gas produced by slow fermentation (in
mL), c is the gas production (% h) constant of fraction b (in mL per h), a + b is the potential
gas production (in mL), and t is the incubation time (h). One-way analysis of variance
(ANOVA) by using SPSS 21.0 (SPSS, Chicago, IL, USA) with different addition levels
of EF, were analyzed to distinguish significant differences between different treatments.
Duncan’s method was used to confirm the statistical significance of differences for the
multiple comparisons. The means were compared in different treatments using Duncan’s
method (p < 0.05), which has been used for the biological experiments with large test errors.
Effects of linear and quadratic due to different addition levels of EF were determined by
polynomial comparison. Using the Mantel test based on Spearman’s product moment
correlation, the alpha diversity of the sheep rumen microbial community with different
addition levels of EF was analyzed.

3. Results
3.1. Digestibility of DM, GP, and Fermentation Characteristics

Significant differences were observed in DDM, GP, a + b, a, b, and c (p < 0.05) for 48 h
of different treatments in Table 2. There were also significant differences in NH3-N, TVFA,
acetate, propionate, valerate, isobutyrate, butyrate, and isovalerate among the different
treatments (p < 0.05) in Table 3.

3.2. Diversity of Rumen Microbiota Community in the Sheep

The different treatments on the ACE index, and Chaol index of the sheep rumen
microbiota showed no significant effects (p > 0.05); however, the ACE (779.18) and Chaol
index (787.71) were higher in EF25 than in other treatments. The Shannon indexes were
increased linearly with EF addition ratio (p < 0.05), and the value (5.08) was higher in EF75
than other treatments (Table 4).
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Table 2. The characteristics of gas production (GP) of different treatments for 48 h in vitro fermentation.

1 Treatment 2 3 p-Value
Item SEM
EF0 EF25 EF50 EF75 EF100 Linear  Quadratic

DDM (%) 7822 a 6346b  56.79bc  55.09 ¢ 45.70d 2.286 <0.001 0.125
GP (mL/g) 82.24 a 62.83 b 55.30 b 3557 ¢ 24.73 ¢ 4.084 <0.001 <0.001
a(mL/g) 66.42 a 51.49b 50.02 b 35.17 ¢ 32.79d 3.276 <0.001 <0.001
b (mL/g) 30.06 a 21.00 b 13.82 ¢ 423d 027 e 2.910 <0.001 0.001
a+b(mL/g) 96.48 a 73.49b 63.84 ¢ 37.02d 36.44 d 6.099 <0.001 <0.001
¢ (%h) 0.03 a 0.02b 0.01c¢ 0.03 a 0.02b 0.002 <0.001 <0.001

Different lowercase letters in a row of data indicate significant differences at p < 0.05 among different treatments.
1 DDM: digestibility of dry matter; a: GP from rapid fermentation; b: GP from slow fermentation; a + b: Potential
GP; ¢: Constant of GP rate. 2 EF0, EF25, EF50, EF75, and EF100 are defined as EF additions of 0%, 25%, 50%, 75%,
and 100% of the fermentation substrate, respectively. 3 SEM: standard error.

Table 3. Effect of different replacement proportions of endophyte-free Achnatherum inebrians (EF) on
the pH, fermentation parameters and NH;3-N.

Item 1 Treatment 2 3 p-Value
tem SEM
EF0 EF25 EF50 EF75 EF100 Linear Quadratic

pH 6.84 d 6.89 ¢ 6.90 ¢ 6.98Db 7.02a 0.013 <0.001 0.331
NH3-N(mg/dL) 49.33 a 45.91 ab 4291 ab 39.21 bc 35.17 ¢ 1.349 <0.001 0.826
TVFA (mmol/L) 86.52 a 73.28b 70.74b 59.67 bc 57.28 ¢ 2.564 <0.001 0.389
Acetate (mmol/L) 5221 a 44.84 ab 44.18Db 37.53 bc 36.44 c 1.498 <0.001 0.499
Propionate (mmol/L) 21.17 a 17.05b 15.48 bc 12.88 ¢ 11.76 ¢ 0.765 <0.001 0.299
Butyrate (mmol/L) 8.40 a 7.31 ab 724 a 5.98Db 5.86 ¢ 0.267 <0.001 0.670
Valerate (mmol/L) 138 a 117b 1.10 bc 091c 0.89 cd 0.044 <0.001 0.304
Isobutyrate (mmol/L) 120 a 1.07 ab 0.96 bc 0.85c¢ 0.82c¢ 0.036 <0.001 0.384
Isovalerate (mmol /L) 2.15a 1.85 ab 1.78 ab 1.52b 1.49b 0.069 <0.001 0.470
Acetate: Propionate 248 ¢ 2.65 bc 2.87 ab 291 ab 3.14a 0.064 <0.001 0.910

Different lowercase letters in a row of data indicate significant differences at p < 0.05 among different treatments.
L TVFA: total volatile fatty acid; NH3-N: ammonia nitrogen. 2 EF0, EF25, EF50, EF75, and EF100 are defined
as EF replacement ratios of 0%, 25%, 50%, 75%, and 100% of the fermentation substrate, respectively. 3 SEM:
standard error.

Table 4. The bacteria community richness in sheep rumen fermentation fluids medium with different
replacement levels of fermentation substrate by endophyte-free Achnatherum inebrians (EF).

1 Treatment 2 3 p-Value
Item SEM
EF0 EF25 EF50 EF75 EF100 Linear Quadratic
ACE 771.66 779.18 769.04 774.16 773.14 2.669 0.924 0.637
Chaol index 779.37 787.71 776.22 776.32 777.74 3.365 0.592 0.777
Shannon index 4.63b 4.78b 4.64b 5.08 a 5.07 a 0.060 <0.001 0.130

1 ACE: abundance-based coverage estimator. 2 EF0, EF25, EF50, EF75, and EF100 are defined as EF replacement
ratios of 0%, 25%, 50%, 75%, and 100% of the fermentation substrate, respectively. 3 SEM: standard error.

3.3. Composition of the Rumen Microbiota Community in the Sheep

After sequencing and normalization procedures, an average of 34,828 sequences per
sample was obtained in 1,044,842 sequences from the 15 samples. A total of 805 OTUs were
obtained at the 99.82% sequence similarity. Operational taxonomic units were assigned to
1 kingdom, 17 phyla, 26 classes, 34 orders, 55 families, 131 genera and 141 species. The
sample rarefaction curve (Figure 1A) show that the sequencing volume is sufficient, and the
sequencing depth is saturated, and increasing the sample volume will not produce more
OTUs. As shown in Figure 1B, the 805 OTUs were detected in EF50 samples, 804 OTUs in
EF25, 803 OTUs in EF100, 802 OTUs in EF75, 799 OTUs in EFO0, and 771 “core” OTUs were
present in samples from all EF treatments.
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Figure 1. (A) The sample rarefaction curves and (B) Venn diagram showing overlap among the OTUs
of the sheep rumen microbial communities with different addition levels of EF. EF0, EF25, FE50, EF75,
and EF100 are defined as EF replacement ratios of 0%, 25%, 50%, 75%, and 100% of the fermentation
substrate, respectively.

At the phylum level (Figure 2), the Kiritimatiellaeota (8.83% of total reads), Lentisphaerae
(1.82% of total reads), and Patescibacteria (0.61% of total reads) were more abundant with
EF100 than with other treatments. The Bacteroidetes (46.52% of total reads), and Synergis-
tetes (1.39% of total reads) were more abundant with EF25 than with other treatments. The
Firmicutes (38.10% of total reads), Proteobacteria (11.20% of total reads) and Spirochaetes
(1.72% of total reads) were more abundant with EF0 than with other treatments.

100
®others

O Patescibacteria
B Synergistetes
O Spirochaetes
75 4 )
O Lentisphaerae

B Kiritimatiellacota
B Proteobacteria

B Firmicutes

50 4
B Bacteroidetes

Percentage of phyla (%)

25 4

EFO EF25 EF50 EF75 EF100

Figure 2. Phylum composition of rumen microbiota. Different addition levels of endophyte-free
Achnatherum inebrians (EF) changed the composition of ruminal microbiota at the phylum levels
showed as relative abundance. Only phylum with a relative abundance greater than 0.5% are depicted.
EFO, EF25, FE50, EF75, and EF100 are defined as EF replacement ratios of 0%, 25%, 50%, 75%, and
100% of the fermentation substrate, respectively.

At the genus level (Figure 3), the Ruminococcaceae (9.14% of total reads), Prevotellaceae
(3.62% of total reads), and Saccharofermentans (2.18% of total reads) were more abundant
with EF100 than with other treatments. The Christensenellaceae (2.32% of total reads) and
Lachnospiraceae (1.28% of total reads) were more abundant with EF50 than with other
treatments. The Prevotella (13.50% of total reads), Rikenellaceae (13.69% of total reads), and
Erysipelotrichaceae (4.84% of total reads) were more abundant with EF25 than with other
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treatments. The Succiniclasticum (8.74% of total reads) and Ruminobacter (9.24% of total
reads), Family_XIII (3.52% of total reads), and Treponema (1.51% of total reads) were more
abundant with EF0 than with other treatments.

100
O Unclassified
B others
O Treponema
B Family _XTIT
75 4 O Lachnospiraceae

B Saccharofermentans
O Christensenellaceae
B Erysipelotrichaceae
O Prevotellaceae

50 4 O Ruminobacter

B Succiniclasticum

B Ruminococcaceae

Relative abundance (%)

B Rikenellaceae

B Prevotella
25 4

EF0O EF25 EF50 EF75 EF100

Figure 3. Genus levels composition of rumen microbiota. Different addition levels of endophyte-free
Achnatherum inebrians (EF) changed the composition of ruminal microbiota at the genus levels and
showed as relative abundance. Only genera with a relative abundance greater than 0.5% are depicted.
EFO, EF25, FE50, EF75, and EF100 are defined as EF replacement ratios of 0%, 25%, 50%, 75%, and
100% of the fermentation substrate, respectively.

The PCoA scatter plot indicated that the abscissa and ordinate represent two character-
istic values, which contributed to the maximum differences among the samples, and the in-
fluence degrees were 44.49%, 23.70% and 8.66% respectively (Figure 4). PERMANOVA anal-
yses show that there were significant differences among groups (PERMANOVA: R?= 0.623,
p =0.001).

In order to find biomarkers with statistical differences between the groups, we used
linear discriminant analysis (LDA), effect size (LEfSe), and screened various taxa at differ-
ent levels (kingdom, phylum, class, order, family, genus, and species) between different
groups according to standard LDA values greater than 4 (Figure 5). Meanwhile, we drew
cladograms from phylum to genus to better understand the distribution of various taxa at
different taxonomic levels (Figure 6). In EF0, the rumen microbiota of sheep had the most
different taxa (LDA > 4), and there were fourteen taxa mainly concentrated in Proteobacte-
ria and Firmicutes, of which six belonged to Proteobacteria, and the other eight belonged to
Firmicutes. In EF100, ten taxa differed in which four belonged to Firmicutes, two belonged
to Proteobacteria, and the other four belonged to Bacteroidetes. In EF75, four taxa differed
in which three belonged to Bacteroidetes, and the other one belonged to Firmicutes.

3.4. Rumen Microbiome Metabolic Capacity

In present study, PICRUSt was used to predict the metabolic potential of the rumen
microbiome (Table 5). The carbohydrate metabolism, energy metabolism, lipid metabolism,
glycan biosynthesis and metabolism, and metabolism of terpenoids and polyketides were a
linear increase in abundance with increasing levels of EF (p < 0.05). The global and overview
maps, translation, replication and repair, membrane transport, and folding, sorting, and
degradation were a linear decrease in abundance with increasing levels of EF (p < 0.05).
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Figure 4. Principal coordinate analysis (PCoA) of sheep rumen microbiota at the level of the op-
erational taxonomic units (OTUs) based on Bray —Curtis analysis of different levels. The percent
variation explained by principal coordinate 1 (PC1) was 46.74%, whereas that explained by PC2 was
23.70%, by PC3, 8.66%. EF0, EF25, FE50, EF75, and EF100 are defined as EF replacement ratios of 0%,
25%, 50%, 75%, and 100% of the fermentation substrate, respectively.
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Figure 5. Bacterial taxa with linear discriminant analysis (LDA) that score greater than four in rumen
microbiota of sheep with different treatments. EF0, EF25, FE50, EF75, and EF100 are defined as EF
replacement ratios of 0%, 25%, 50%, 75%, and 100% of the fermentation substrate, respectively.
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mm @ s_uncultured_bacterium_g_Prevotella
I EF100 mm b: ¢ Prevotella
¢: f Prevotellacceae
- EF75 : d: s uncultured bacterium 2 Rikenellaceae
mm ¢ g Rikenellaceae
- o mm f f Rikenellaceae
mm ¢ o_Bacteroidales
mm h:s_uncultured bacterium_g_family XIII
mm g family XIII
o j: f Family XIII
mm k: f Lachnospiraceae
@ |: s_uncultured_bacterium_g_Saccharofermentans
3 @ m: g Saccharofermentans
f @ n: o_Clostridiales
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Bl q: f Acidaminococcaceae
Bl r: o_Selenomonadales
B s:s_uncultured bacterium_g Ruminobacter
Ml t: ¢ Ruminobacter
W u: f Succinivibrionaceae
Bl v: o Aeromonadales
Figure 6. Cladogram of bacterial biomarkers from phylum (innermost ring) to genus (outermost
ring) level, LDA score > 4. Differential bacterial taxa were marked with lowercase letters. The small
circle of each different classification level represents the taxon of that level, and circle is directly
proportional to the relative abundance. The principle of coloring is to use color the species. There
was no significant difference in yellow, whereas other differential species are colored according to
the group with the highest abundance. Different colors represent different groups, and nodes with
different colors represent communities that play an important role in groups represented by colors.
Table 5. The relative abundance of the rumen microbiome was significantly altered with espect to
Kyoto Encyclopedia of Genes and Genomes (KEGG) terms (>1.5% in at least one sample) in rumen
fermentation fluid after in vitro fermentation with different levels of endophyte-free Achnatherum
inebrians (EF).
i %) 1 -Val
KEGG Relative Abundance (%) SEM 2 p-Value
EF0 EF25 EF50 EF75 EF100 Linear Quadratic
Carbohydrate metabolism 14.41b 14.46ab  14.46 ab 1452 a 14.49 ab 0.014 0.029 0.314
Global and overview maps 14.38 a 14.36 ab 14.33 ab 1427 b 14.29 ab 0.015 0.017 0.757
Amino acid metabolism 11.45 11.58 11.50 11.54 11.54 0.014 0.051 0.093
Metabolism of cofactors and vitamins 6.98 6.97 7.02 6.98 6.99 0.008 0.508 0.567
Energy metabolism 6.81b 6.86 a 6.87 a 6.88 a 6.88 a 0.008 <0.001 0.007
Nucleotide metabolism 5.91 591 5.93 591 5.92 0.002 0.252 0.179
Translation 584 a 5.84 a 584 a 5.81b 5.82 ab 0.004 <0.001 0.205
Replication and repair 5.06 a 5.00 ¢ 5.02b 498d 4.99 bd 0.008 <0.001 0.002
Membrane transport 438a 4.08c 415b 3.93d 3.93d 0.044 <0.001 <0.001
Lipid metabolism 3.38¢ 3.43 bc 341c 349 a 3.44b 0.010 0.001 0.090
Glycan biosynthesis and metabolism 2.76 b 2.87a 2.85a 2.83a 2.84a 0.012 0.024 0.004
Signal transduction 2.48 2.45 2.44 2.47 2.47 0.004 0.966 0.002
Folding, sorting and degradation 228a 2.24d 2.27b 2.25cd 225¢ 0.004 <0.001 0.001
Metabolism of other amino acids 217 2.19 2.19 2.18 2.19 0.003 0.150 0.173
Metabolism of terpenoids and polyketides 197 ¢ 2.00a 1.99Db 2.01a 2.00a 0.003 <0.001 0.002
Xenobiotics biodegradation and metabolism 1.64a 1.65a 1.61b 1.64 1.64 0.004 0.258 0.166

Different lowercase letters in a row of data indicate significant differences at p < 0.05 among different treatments.
L EF0, EF25, EF50, EF75, and EF100 are defined as EF replacement ratios of 0%, 25%, 50%, 75%, and 100% of the

fermentation substrate, respectively. 2 SEM, standard error.
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3.5. Relationship among the Sheep Rumen Microbial and Rumen Fermentation Parameters

As indicated by the Spearman correlation results (Table 6), the diversity of the sheep
rumen fermentation fluids microbes was significantly and positively associated with the
CP (p = 0.040) and ADF (p = 0.041). EF50 was significantly and positively associated with
the ADF (p = 0.042). EF0 was significantly and negatively associated with the CP (p < 0.001).
EF100 and EF0 were significantly and negatively associated with the rumen fermentation
parameters NH3-N. The richness of the sheep rumen fermentation fluids microbes of EF25
was significantly (p = 0.045) positively associated with the NDF; EF75 was significantly
(p = 0.044) positively associated with DDM.

The first and second axis of the redundancy analysis explained 17.86% and 9.78% of
the variance with respect to different treatments (Figure 7). The abundance of Family_XIII
and Succintelasticum were positively related to NH3-N, acetate, propionate, isobutyrate,
butyrate, isovalerate, TVFA, and valerate. The abundance of Ruminobacter was positively
related to NH3-N, acetate, propionate, isobutyrate, isovalerate, TVFA, and valerate. The
abundance of Erysipelotrichaceae was positively related to NH3-N, acetate, propionate,
isobutyrate, butyrate, TVFA, and valerate. The abundance of Christensenellaceae, Prevotella,
Ruminococcaoeae, and Rikenellacene were positively related to acetate, propionate, butyrate,
TVFA, and valerate. The abundance of Prevotellaceae was positively related to acetate:
propionate and pH.

|
I
:
I
1.0 A4 !
PH
Acetate:Propiona
Prevotellaceae :
0% o “\ o Chrlsten.\;'enellaceae
- b Prevotella
> ,:,’Rﬂm ingcoccaceae
P -Rilenellaceae
R 00 T-------mmmmmmmmmemoncs
o)) >
(SO .
o
5 Ruminobacter
— 0'5 — f ] l‘
Sylciniclagticuln
Isovalerate : Valerat
-
Isobutyratd@mily_XILL "Propionate
NH3-N : -
- 10 7 1
1
1
1
1
|

T T | 1
- 1.0 —-0.5 0.0 0.5 1.0

RDA1 (17.86%)

Figure 7. Redundancy analysis (RDA) of the relative abundance of sheep rumen microbes and
rumen environmental factors under different replacement ratio levels of endophyte-free Achnatherum
inebrians (EF). The black solid lines indicate rumen environmental factors, and blue dashed lines
indicate rumen microbes. TVFA, total volatile fatty acid; NH3-N: ammonia nitrogen.
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Table 6. Spearman correlations of alpha diversity to feed nutrient and fermentation parameters
in sheep rumen fermentation medium with different replacement ratio levels of endophyte-free
Achnatherum inebrians (EF).

Feed Nutrient and

Treatment 2

Fermentation EF0 EF25 EF50 EF75 EF100
Characteristics ! Shannon Chaol Shannon Chaol Shannon Chaol Shannon Chaol Shannon Chaol
CP —0.982 ** —0.685 0.683 0.748 0.01 —0.482 0.059 0.537 0.831 * 0.209
NDF —0.537 0.178 0.797 0.821* —0.653 —0.328 —0.507 0.736 —0.183 -0.15
ADF 0.179 0.094 0.077 —0.057 0.827 * —-0.217 —0.703 —0.482 0.830 * —0.006
pH —0.458 —0.612 —0.734 —0.436 —0.126 —0.044 —0.255 0.62 0.414 0.316
TVFA 0.559 0.303 —0.349 0.195 0.526 0.634 0.59 —0.031 —0.071 0.435
Acetate 0.389 0.131 —-0.271 0.283 0.5 0.614 0.595 —0.027 0.078 0.11
Propionate 0.72 0.537 —0.645 —0.164 0.606 0.681 0.577 0.075 0.036 0.657
Butyrate 0.377 0.033 —0.052 0.314 0.53 0.623 0.479 —0.017 —0.39 0.684
Valerate 0.517 0.64 0.272 0.656 0.433 0.526 0.661 —0.28 —0.529 0.33
Isobutyrate 0.231 0.361 0.204 0.629 —0.278 —0.088 0.486 —0.586 —0.338 —0.105
Isovalerate —0.078 0.321 0.338 0.601 —0.373 —0.183 0.508 —0.657 —0.163 —0.211
Acetate: Propionate —0.468 —0.492 0.798 0.584 —0.544 —0.465 0.21 —047 0.037 —0.453
GP 0.056 —0.08 0.023 0.315 0.201 —0.323 0.07 —0.579 —0.707 0.232
NH;—N —0.836 * —0.607 —0.707 —0.481 —0.606 —0.636 —0.216 —0.316 —0.941 ** 0.018
DDM 0.451 0.172 —0.435 —0.583 0.23 —0.371 0.193 0.823 * —0.326 —0.398

*p<0.05 *p<0.01. 1 CP: crude protein; NDEF: neutral detergent fiber; ADF: acid detergent fiber; TVFA: total
volatile fatty acid; GP: gas production; NH3-N: ammonia nitrogen. DDM: digestibility of dry matter. 2 EF0, EF25,
FE50, EF75, and EF100 are defined as EF replacement ratios of 0%, 25%, 50%, 75%, and 100% of the fermentation
substrate, respectively.

4. Discussion
4.1. GP Performance

The extent of GP reflects the efficiency and the extent of degradability of the feed.
If the gas production is low, it is mainly due to the availability of microorganisms in the
substrate caused by insufficient fermentation products [27-30]. High levels of ADF and
NDF can reduce the degradation rate of forage by microorganisms [24], and when the
content of nonstructural carbohydrates or easily fermentable substances in forage was high,
microorganisms will use the degradation products to propagate rapidly, thus increasing
the GP rate [29]. The GP of EF100 was relatively low, which may be due to the relatively
high content of ADF (317 g/kg of DM) and NDF (633 g/kg of DM), and the shortage of
microbial fermentation products. At the same time, EF0 has the highest GP, which may be
due to the high content of corn in the feed, more fermentable carbohydrates and high CP
content (163 g/kg of DM), which was conducive to microbial fermentation and improves
its microbial activity, as claimed by Yang et al. [31]. In the current study, the higher in vitro
GP and DDM for EF25 could be attributed to its high CP content (146 g/kg of DM) and
comparatively low fiber (NDEF, 472 g /kg of DM; ADF, 233 g/kg of DM).

4.2. Ruminal pH, TVFA and NH3-N

The optimal pH values for the protein bacteria growth and fibro lytic activity were in
the range of 6.2 to 7.2 [32,33]. The ruminal pH in the present study ranged from 6.84 to 7.02
in the different treatments, and the EF100 showed the highest pH and the lowest TVFA.
Meanwhile, with the increase of the EF replacement ratio, the TVFAs were declined, but the
acetate: propionate was higher values. Those indicated that the digestion and utilization
rate of grass in the rumen was low, which further indicated that the substrate was not easy
to digest after the replacement of more than 50%. In the in vitro fermentation system, the
main source of NH3-N had the degradation of substrate nitrogen-containing substances by
microorganisms and the produced NH3-N, some of which was used by microorganisms to
synthesize microbial proteins [34]. The other part was dissolved in the fermentation broth
(the fermentation flask has no ability to absorb and excrete NH3-N). Carbohydrate was
the main factor limiting the utilization of NH3-N by rumen microorganisms. Combined
with GP and DDM, the lower concentration of NH3-N was found in EF75 and EF100
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fermentation, which might be due to its utilization by microorganisms, and also lower CP
content (105 to 117 g/kg of DM). The highlights of in vitro were that the replacement ratio
of 25% and 50% (EF25 and EF50) might be idea fermentation characteristics, comparatively.

4.3. Ruminal Microorganisms

The present study showed that EF50 had the highest OTU number, whereas the EF75
had the highest Shannon index number, which indicated that EF25 had a raised ACE and
Chaol of sheep rumen microbiota. The phyla Bacteroidetes and Firmicutes were dominant
in the ruminal microbial communities, which is consistent with earlier reports on dairy
cattle [35] and sheep [36]. Bacteroidetes plays an important role in forge nutrition utiliza-
tion and host disease immunity [37,38], which are best recognized for their saccharolytic
activities. The presence of a high number of pectinolytic and cellulolytic enzymes in the
genomes clustered with else lignocellulose degrading enzymes into the polysaccharide
utilization loci (PUL) suggested that they were also actively involved in lignocellulose
degradation [39,40]. Fibrobacteres were known as main cellulose-degraders of the ruminal
microbiota, and played an important role in the low-quality fibers of degradation [41,42].
Synergistetes had the ability to degrade amino acids [43]. In present study, we found
that compared to the EF0, the relative abundance of Bacteroidetes was found to increase
following supplementation with EF. The relative abundance of the phyla Bacteroidetes
in EF75, Firmicutes and Synergistetes in EF25, and Proteobacteria in EF0 provided sig-
nificant advantages over the other treatments. Our data also showed that increasing the
replacement ratio of EF decreased the abundance of the phyla Proteobacteria.

The genus Prevotella plays a crucial role in degrading and utilizing plant protein,
starch, xylenes and non-cellulosic polysaccharides [44,45]. The relative abundance of the
genus Prevotella in EF25 provided significant advantages over the other treatments. A
recent analysis of rumen metagenome showed that members of the family Prevotellaceae
were likely to play a more significant role in carbohydrate degradation in the rumen [46].
The relative abundance of the genus Prevotellaceae in EF75 provided significant advantages
over the other treatments. The possible reason for the increase of the relative abundance
of Saccharofermentans in EF replacement compared to EFO is their ability to utilize simple
sugars or to adapt to the increase in the rumen pH that occurred. The Ruminobacter ferment
products including acetate, succinate, and for mate [47], were consistent with an increase in
the acetate concentration seen as seen in EF0. The relative abundance of Ruminobacter also
decreased following the addition of the EF ratio.

In the present study, we used PICRUSt as a prediction tool to determine the func-
tional ability of the rumen fermentation—-associated bacteriome. The gene family related
to carbohydrate metabolism was the greatest in terms of abundance; other highly rep-
resented families included those related to amino acid metabolism, energy metabolism,
lipid metabolism, glycan biosynthesis and metabolism, and metabolism of terpenoids and
polyketides. These metabolic functions were fundamental for the growth and reproduction
of bacterial communities in the gastrointestinal tract [48]. Among the KEGG pathways
associated with the rumen microbiome, there was an increase in pathways related to carbo-
hydrate metabolism, amino acid metabolism, energy metabolism, lipid metabolism, glycan
biosynthesis and metabolism, signal transduction, and metabolism of terpenoids and
polyketides. These metabolic functions are fundamental for the bacterial communities for
growth and reproduction in the gastrointestinal tract [48]. Among the rumen microbiome
KEGG pathways, carbohydrate metabolism and Lipid metabolism genes were increased
in EF25 samples and reached a maximum in EF75 samples. This increased expression
improved the degradation of polysaccharides into monosaccharides and short chain fatty
acids, which in turn improved the digestion of long-chained proteins and carbohydrates
and allowed for efficient use of hemicellulose.
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5. Conclusions

Rumen microbiota composition was affected significantly by the EF replacement
ratio. Compared to EF0, EF25 increased rumen microorganism diversity, and the high
relative abundance of Firmicutes and Prevotella. Moreover, it improved some functional
microorganisms mainly involved in the cellulose decomposition. The recommended ratio
of EF in sheep fattening diet should range from 25% to 50%, and the maximum proportion
should not exceed 75%.
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