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Abstract: Rosemary extract (RE) is characterized as an antioxidant, and it has the potential to reduce
methane emission and change microbial fermentation. Hence, to the extent of the evaluation of
RE in ruminant nutrition, the in vitro fermentation technique was used to investigate the effects of
RE on the fermentation characteristics of a total mixed ration (TMR) fed to dairy cows. Different
doses of RE were added to the TMR to obtain different concentrations of antioxidants, including 0
(CON), 0.05 (LRE), and 0.10 g/kg (HRE). A total of 500 mg ground TMR was incubated in buffer
solution and rumen fluid for 48 h at 39 ◦C. Nutrient degradability, gas production parameters,
gas composition, fermentation parameters, and microbial composition were analyzed. The results
showed that nutrient degradability and total volatile fatty acid concentration were not affected
by the treatments. Furthermore, total methane production and proportion were depressed in a
dose-dependent way. The RE increased the propionate concentration and proportion linearly and
decreased the acetate concentration and proportion linearly. Finally, microbial diversity analysis
showed that the richness and evenness indexes were unchanged by different treatments, while
Prevotella_1 was decreased and Prevotella_7 was increased with RE supplementation. In conclusion,
RE is an effective inhibitor of methane emission of microbial fermentation and changed the profile of
volatile fatty acids with no disadvantageous effects on diet utilization.

Keywords: rosemary extract; gas production; microbiota; methane emission; degradability

1. Introduction

Ruminants produce products via the complex rumen microbiota, which enables ru-
minants to digest structural carbohydrates, while the rumen microbiota also contributes
to 18% of total anthropogenic emissions [1]. Hence, increasing consensus on emission
reduction and emission reduction measures becomes more and more important. In recent
years, plant extracts have shown their emission reduction potential as feed additives in the
dairy industry [2,3].

Rosemary (Rosmarinus officinalis L.) originating from the Mediterranean region belongs
to the Lamiaceae family. It contains diverse metabolites, and their identification by high-
performance liquid chromatography and gas chromatography has revealed an abundant
quantity of polyphenols such as carnosol, carnosic acid, and rosmarinic acid. Carnosic
acid is the most abundant and has among the highest antioxidant activities [4,5]. Diverse
rosemary extracts (REs) have been used widely in the medicine, food, and cosmetics
industries, mainly for their antioxidant, antimicrobial, and anti-inflammatory activities [6,7].
In addition, many in vitro and in vivo studies have been conducted to investigate the effects
of RE on methane emission, and the results have been inconsistent [8–10]. The potential
mechanism may be due to modifying ruminal fermentation by enhancing the efficiency
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of energy utilization while decreasing methane emissions [11]. Despite this, very little is
known about the effects of RE on methane emission in dairy cows.

Except for methane emission, the microbiota in the rumen mainly takes the responsibil-
ity for nutrient degradability, and the steady state of the rumen environment is important
for production and health. However, the antibacterial effect of RE has been widely proven
in food preservation. Carnosic acid has the most effectiveness against bacteria compared
to other substrates in RE [12]. The synergy between different compositions and dose-
dependent effects also exists in the antimicrobial activity of these active constituents [13,14].
Hence, RE as an anti-methanogenic plant product should be based on no adverse effects on
rumen fermentation or nutrient degradability. The in vitro fermentation technique (IVFT)
has been used widely to assess the nutritive value of different rations, feedstuffs, feed
additives, and so on [15]. Although many factors influence the results in the IVFT experi-
ments and the IVFT does not guarantee that the significant results in the IVFT experiment
reappear in the in vivo experiments, the IVFT provides a more timesaving and inexpensive
way to determine the effects of various treatments [15].

Considering the potential role of RE in methane emission and interaction with mi-
croorganisms, we speculated that RE supplementation may change microbial fermentation
in this experiment. Thus, the objective of this study was to evaluate the effects of RE on
(1) gas production and composition; (2) nutrient degradability; and (3) bacterial diversity
and composition. Based on the results of this in vitro study, we provide fundamental
information on RE in dairy production.

2. Materials and Methods
2.1. Experimental Design
2.1.1. Preparation of Rosemary Extract

The RE product was purchased from Hunan zhizhiyuan Co., Ltd. (Changsha, China).
The active components were quantified by UPLC-MS/MS. Chromatographic separation
was performed on a Waters Acquity H-class UPLC system with the column oven tempera-
ture maintained at 40 ◦C, using an Acquity BEH C18 column (100 mm × 2.1 mm, 1.7 µm
particle size) (Waters, Milford, MA, USA). The UPLC system was coupled to a Micromass
Xevo TQ-S triple quadrupole mass spectrometer (Waters, Manchester, UK) fitted with an
electrospray ionization source in negative mode (ESI-). Analytical standards of carnosic
and rosmarinic acid were purchased from Sigma-Aldrich (St. Louis, MO, USA). The RE
had the following functional composition: 42.28 g/kg carnosic and 1.59 g/kg rosmarinic
acid. The UPLC-MS/MS chromatograms are presented in Supplementary Figure S1.

2.1.2. In Vitro Process

Three lactating Holstein dairy cows (36.3 kg/day milk yield, 171 ± 18 days in milk,
2 parity) with rumen fistula were used to collect rumen fluid. Briefly, about 3 L of rumen
content from the individual donor was collected from the fistula before morning feeding.
Then, we put the rumen content into a steel artificial squeezer, and the rumen fluid was
juiced by pressure. After that, all rumen fluid was transferred to a prewarmed vacuum
bottle and cultivated in the laboratory with CO2 at 39 ◦C until use. We measured the pH
of the rumen fluid after sampling, and the average pH was 6.1 ± 0.31 (mean ± SD). The
ingredients and nutrient composition of the total mixed ration (TMR) fed to the donor are
presented in Supplementary Table S1.

A total of 15 kg TMR was sampled from the farm and dried. The TMR was the same as
the TMR fed to the donors. Then, 5.79 g RE was mixed with 5 kg TMR to obtain a substrate
with a 0.05 g/kg total antioxidant concentration (LRE). A total of 11.58 g RE was mixed
with 5 kg TMR to obtain a substrate with a 0.10 g/kg total antioxidant concentration (HRE).
Finally, 5 kg TMR with no RE supplementation was the control group (CON).·

The glass bottles (120 mL) were used in the in vitro experiment combined with a 75 mL
fermentation system including 50 mL buffer solution and 25 mL rumen fluid. The buffer
solution was formulated as previous description [16]. The rumen fluid was a mixture of
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individual rumen fluid from three donors. A total of 500 mg TMR with different total
antioxidant concentrations were used as fermentation substrates. The substrate, buffer, and
rumen fluid were added to the bottles in order. After that, the bottles were immediately
sealed by a rubber stopper after introducing anaerobic N2 for 5 s. Six runs were conducted,
and each run had 18 bottles. Then, 18 bottles were divided into 3 groups indicating
6 bottles in each group, in which 3 bottles were connected to the rumen simulation system
for gas production recording (AGRSIII, Beijing, China) and another 3 bottles were used
for the gas collection by pre-emptied airbags. All bottles were cultivated at 39 ◦C in a
temperature incubator.

2.2. Gas Production

For the gas composition, a 1.0 mL gas subsample of each bottle was removed from
individual airbags, and the gas composition of CH4, CO2, and H2 was measured by a gas
chromatographic method (GC522, Wufeng Instruments, Shanghai, China) [17]. Briefly, the
gas chromatograph was equipped with a thermal conductivity detector and a 2 m stainless
steel column packed with TDX-1. N2 was the carrier gas, and the temperatures of the
injector oven, column oven, and detector were 150, 80, and 200 ◦C.

2.3. In Vitro Degradability

After 48 h of fermentation, the solid proportion from 6 bottles per run per group was
collected into individual nylon bags. After drying at 65 ◦C for 48 h, the solid proportion
was used to analyze apparent nutrient degradability. The dry matter, neutral detergent
fiber, acid detergent fiber, and crude protein contents were determined according to Hao
et al. [18].

2.4. Fermentation Parameters

Fermentation fluid in each bottle was also saved into 2.5 mL microtubes for microbiota
analysis, and another 15 mL was used to analyze volatile fatty acid (VFA) and NH3-
N concentrations. The pH value was measured immediately by a portable pH meter
(S2-Meter, Mettler Toledo International Co., Ltd., Shanghai, China). The fermentation
fluid for VFA analysis was measured by gas chromatography (Agilent 6890N, Agilent
Technologies, Inc., Beijing, China), and NH3-N was measured by a Multiskan SkyHigh
microplate reader (Thermo Fisher Scientific, Shanghai, China) according to Kong et al. [16].
For VFA analysis, a 15 m semicapillary column packed with chromosorb 101 was equipped
with gas chromatography with N2 as the carrier gas. The crotonic acid was the internal
standard at a column temperature of 120 ◦C. Iso-butyrate and iso-valerate were summed as
branched-chain volatile fatty acid (BVFA).

2.5. Microbial Analysis

For microbial diversity analysis, the sequencing process was conducted according to
the previous description [19]. Briefly, bacterial DNA was extracted using an Omega Stool
DNA kit (Omega Bio-Tek, Norcross, GA, USA). The universal primers 338F and reverse
primers 306R were used to perform amplicon library preparation. After amplification, the
amplicons were electrophoresed on 2% agarose gel and purified using an Agencourt AM
Pure XP kit (Beckman Coulter Genomics, Indianapolis, IN, USA) and quantified using
the Quanti-FluorTM-ST system (Promega, Madison, MI, USA). Finally, the amplicons
were pooled and sequenced on an Illumina MiSeq platform (Illumina, Inc., San Diego,
CA, USA). The raw data were filtered and processed using the Quantitative Insights Into
Microbial Ecology 2 [20]. Amplicon sequence variants were generated using the DADA2
workflow following the removal of primers and chimeric and low-quality sequences. The
taxonomic classification was performed using the SILVA database based on 99% sequence
similarity [21]. All sequences were deposited in the NCBI Sequence Read Archive under
the project number (PRJNA699978, SRR21068357-SRR21068374).
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2.6. Statistical Analysis

The gas production data were downloaded from AGRSIII in Excel and then processed
by the nonlinear regression procedure in the SAS software (version 9.4) according to the
exponential model as described by France et al. [22].

GP = A × [1 − e−C × (time − Lag)
]

(1)

where GP is the gas production, A is the ideal maximum gas production, C is the gas
production rate, and Lag is the lag phase before gas production commences. After the
procedure, the time taken to reach half of the ideal maximum gas production (HT) and the
average gas production rate when half of the ideal maximum gas production was produced
(AGPR) were calculated according to the model below:

HT = log
(

2
C

)
+Lag, (2)

AGPR =
A × C

2 × (log (2)+C × Lag)
, (3)

The mixed procedure from SAS 9.4 (SAS Institute, Inc., Cary, NC, USA) was used to
analyze the data [23]. The model for the gas production parameter, nutrient degradability,
gas composition, and fermentation parameters’ data is presented as follows:

Yijk = µ+ Trti + Runj + εijk (4)

where Yijk is the variable; µ is the population mean; Trti is the treatment effect; Runj
is the random run; εijk is the random error. The Tukey–Kramer method was used for
multiple comparisons. A SAS macro called “pdix800” was used to group treatment means
with letters. The contrast statement was used for orthogonal polynomial contrasts. The
significance threshold was set at 0.05, and the tendency was declared at 0.05 ≤ p ≤ 0.10.

For microbial diversity analyses, principal coordinated analysis (PCoA) and an anal-
ysis of similarities (ANOSIM) using Bray–Curtis matrices were performed to test the
statistical differences between different groups. The effects of RE supplementation on the α
diversity indices of microbiota were assessed using the Kruskal–Wallis test. Differences
were considered significant at p < 0.05. The linear discriminant analysis (LDA) effect size
(LEfSe) tool was developed to detect features with significant differential abundance using
the Kruskal–Wallis sum-rank test and the effect size value.

3. Results
3.1. Gas Production

The gas production parameters are shown in Table 1. No matter the different doses of
RE supplementation, RE supplementation did not affect the gas production parameters
(p > 0.05). The total GP was not affected (p > 0.05), and the AGPR trended to increase in a
quadratic way (p < 0.10).

The gas composition and production obtained from HPGC analysis are presented in
Table 2. RE supplementation increased the proportion and production of CO2 and decreased
the proportion and production of CH4 linearly (p < 0.05). The CH4 production expressed per
unit substrate in the LRE and HRE groups was lower than that in the CON group (p < 0.05).
For H2, the proportion and production were not affected by treatment (p > 0.05).
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Table 1. Effects of different doses of rosemary extract on gas production parameters of in vitro
fermentation.

Items
Groups

SEM
p-Value

CON LRE HRE G L Q

GP, mL/g 140.99 138.15 145.82 2.854 0.12 0.28 0.18
A, mL/g 142.37 139.75 160.34 6.499 0.07 0.10 0.20

C, h−1 0.04 0.04 0.06 0.017 0.46 0.52 0.60
HT, h 1.76 1.94 1.81 0.075 0.14 0.61 0.14

AGPR, mL/h 49.58 41.16 58.16 4.732 0.25 0.25 0.07

CON, no supplementation; LRE, low-dose rosemary extract supplementation; HRE, high-dose rosemary extract
supplementation, G, group effect; L, linear effect; Q, quadratic effect; GP, gas production; A, ideal maximum gas
production; C, the gas production rate; HT, time to reach half the ideal maximum gas production; AGPR, average
gas production rate when half of the ideal maximum gas is produced.

Table 2. Effects of different doses of rosemary extract on gas production of in vitro fermentation.

Items
Groups

SEM
p-Value

CON LRE HRE G L Q

CO2, % 77.40 b 79.77 a 80.29 a 0.244 <0.01 <0.01 0.02
CH4, % 12.50 a 10.08 b 9.52 b 0.279 <0.01 <0.01 0.03
H2, % 10.10 10.16 10.19 0.172 0.94 0.75 0.96

CO2, mL/g 109.11 110.21 117.09 2.288 0.11 0.04 0.34
CH4, mL/g 17.64 a 13.92 b 13.88 b 0.623 0.01 0.01 0.05
H2, mL/g 14.23 14.03 14.85 0.195 0.06 0.07 0.08

CON, no supplementation; LRE, low-dose rosemary extract supplementation; HRE, high-dose rosemary extract
supplementation, G, group effect; L, linear effect; Q, quadratic effect. Means within the same row with different
superscripts are significantly different (p < 0.05). The same below.

3.2. In Vitro Degradability

Table 3 shows the effects of different doses of RE on nutrient degradability. DM, NDF,
ADF, and CP degradability were not affected by RE supplementation (p > 0.05). Furthermore,
there was no significant difference between the LRE and HRE groups (p > 0.05).

Table 3. Effects of different doses of rosemary extract on nutrient degradability measured in in vitro
fermentation.

Items
Groups

SEM
p-Value

CON LRE HRE G L Q

DM, % 52.97 53.03 53.45 2.723 0.91 0.90 0.96
NDF, % 45.33 44.47 43.45 1.762 0.51 0.50 0.99
ADF, % 41.30 38.56 41.14 2.292 0.22 0.59 0.24
CP, % 62.49 62.59 63.12 2.413 0.86 0.98 0.94

CON, no supplementation; LRE, low-dose rosemary extract supplementation; HRE, high-dose rosemary extract
supplementation, G, group effect; L, linear effect; Q, quadratic effect; DM, dry matter; NDF, neutral detergent
fiber; ADF, acid detergent fiber; CP, crude protein.

3.3. Fermentation Parameters

The fermentation parameters including the pH value, NH3-N, concentration, and
proportions of VFA are shown in Table 4. There was no significant difference in the pH
value, concentrations of NH3-N, and total volatile fatty acid (TVFA) (p > 0.05). The RE
supplementation trended to decrease the TVFA concentration (p < 0.10). Furthermore, RE
supplementation decreased the concentrations and proportions of acetate and butyrate
linearly and increased the concentration and proportion of propionate linearly (p < 0.05).
Finally, the concentration and proportion of BVFA were reduced linearly (p < 0.05), and the
valerate concentration was not changed by RE supplementation (p > 0.05).
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Table 4. Effects of different doses of rosemary extract on in vitro fermentation parameters.

Items
Groups

SEM
p-Value

CON LRE HRE G L Q

pH value 6.21 6.19 6.18 0.021 0.86 0.52 0.83
NH3-N, mg/dL 16.81 16.53 17.79 0.423 0.11 0.12 0.15

Concentration, mmol/L
TVFA 89.98 81.16 81.35 3.332 0.17 0.08 0.28

Acetate 57.76 a 48.80 b 44.79 b 2.476 <0.01 <0.01 0.42
Propionate 19.31 b 20.60 b 25.27 a 0.921 <0.01 <0.01 0.15

Butyrate 9.31 a 7.60 b 7.16 b 0.431 <0.01 <0.01 0.24
Valerate 1.51 1.52 1.57 0.032 0.24 0.83 0.09

BVFA 2.08 b 2.59 a 2.61 a 0.109 <0.01 <0.01 0.05
Molar proportion, %

Acetate 64.14 a 59.85 b 54.99 c 0.954 <0.01 <0.01 0.819
Propionate 21.53 c 25.40 b 31.13 a 0.741 <0.01 <0.01 0.314

Butyrate 10.35 9.48 8.80 0.467 0.06 0.03 0.861
Valerate 1.69 b 2.00 a 1.87 ab 0.085 0.04 0.14 0.05

BVFA 2.30 b 3.28 a 3.21 a 0.137 <0.01 <0.01 <0.01

CON, no supplementation; LRE, low-dose rosemary extract supplementation; HRE, high-dose rosemary extract
supplementation, G, group effect; L, linear effect; Q, quadratic effect; TVFA, total volatile fatty acid; BVFA,
branched-chain volatile fatty acid.

3.4. Microbial Diversity

Figure 1 shows an overview of microbiota diversity. For the α diversity index, RE sup-
plementation did not affect the richness of microbiota (ACE index) in Figure 1A (p > 0.05).
The Shannon index also did not change, indicating that RE supplementation did not affect
the evenness of microbiota (p > 0.05). However, there was a distinct separation between the
RE supplementation groups and the CON group in the PCoA plot based on Bray–Curtis,
and PREANOVA analysis also showed a significant difference (p < 0.05).
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Figure 1. Effects of different doses of rosemary extract on the diversity of microbiota by in vitro
fermentation technique. The α diversity indexes including the ACE (A) and Shannon indexes (B)
were calculated based on the OTU level. Principal coordinate analysis (PCoA) combined with
non-parametric multivariate analysis of variance (PREANOVA) was calculated based on the OTU
level and Bray–Curtis distances (C). CON, no supplementation; LRE, low-dose rosemary extract
supplementation; HRE, high-dose rosemary extract supplementation.

The figure below shows the main genera among the individual samples (Figure 2). Only
the top 15 genera were included. Prevotella_1, Selenomonas, Prevotella_7, Rikenellaceae_RC9_gut_
group, Succiniclasticum, Succinivibrionaceae_UCG_001, Selenomonas_1, Anaerovibrio, Succinivibrio,
and Megasphaera showed more than 1% abundance in all samples.
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Figure 2. Genera composition of the microbiota from in vitro fermentation technique. Only the top 15
abundance genera were included in this figure. CON, no supplementation; LRE, low-dose rosemary
extract supplementation; HRE, high-dose rosemary extract supplementation.

The LEfSe analysis was used to filter significant genera, and the results are show
in Figure 3. A total of 16 genera were filtered by the LEfSe analysis, in which 8, 3, and
4 genera were the significant features from the CON, LRE, and HRE groups. The abun-
dances of Prevotella_1, Prevotella_7, Rikenellaceae_RC9_gut_group, Succiniclasticum, Succinivib-
rionaceae_UCG_001, Selenomonas_1, Anaerovibrio, and Megasphaera were higher than 1%
(p < 0.05. LDA score > 2).
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4. Discussion

In vitro fermentation techniques have been widely applied to evaluate the effects of
feed additives on ration fermentation and methane production [15]. In the current study,
unchanged gas production and nutrient degradability in response to RE were observed. The
effect of RE on rumen fermentation has been reported, and the results have been inconsis-
tent. For example, Cobellis et al. [24] observed that supplementation of rosemary essential
oil (EO) decreased dry matter and neutral detergent fiber degradability, and gas production
decreased with increasing rosemary EO supplementation. Tawfeeq et al. [25] indicated that
rosemary leaves and watery and alcoholic extractions had no effects on digestibility, while
rosemary organic extraction significantly decreased dry matter digestibility and organic
digestibility. Multiple factors (e.g., diet, donor, and time) have interaction effects on in vitro
experiments, and these factors should be considered. However, none of these studies
considered the effect of RE on the TMR of lactating dairy cows.

Although the total gas production was not changed, the gas profile was changed by RE
supplementation. Methane production is a fundamental rumen process; it could account for
2–12% of energy consumption in feed [26], and CO2 and H2 are the precursors to produce
methane [27]. The changes in gas composition may be explained by the changes in VFA.
The formation of acetate is associated with electron release. In contrast, propionate and
butyrate are responsible for electron sinks in the rumen ecosystem. Glucose fermentation
to two propionates results in the net use of electrons (equivalent to two H2), and glucose
fermentation to butyrate results in only two H2 compared with the four H2 from glucose
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fermentation to acetate [27]. Hence, RE supplementation may reduce the total H2 produc-
tion by facilitating propionate production. However, the H2 concentration and proportion
were not changed by RE supplementation. We speculated that the utilization of H2 was
also impacted by RE supplementation and led to H2 accumulation. In this experiment, the
methanogens were not measured. Cobellis et al. [28] found that rosemary leaves decreased
the abundance of archaea. A similar in vitro experiment that used rumen fluid from beef
found that rosemary EO also decreased the acetate and butyrate proportions and increased
the propionate and valerate proportions [29]. Several in vivo experiments feeding different
forms of rosemary to goats or sheep obtained the same variation and proved the in vitro
results [30,31]. Hence, further animal experiments are needed to determine the RE effects
on milk performance and rumen fermentation. Interestingly, the BVFA concentration and
proportion increased after RE supplementation. Branched-chain amino acids including
leucine, isoleucine, and valine are the precursors of BVFA [32]. The UPLE-MS analysis
revealed that rosemary infusions contained isoleucine, which is the most abundant amino
acid [33].

The function of these plant extracts depends on their composition, and their com-
position is highly variable. A meta-analysis concluded on the effects of EO on ruminal
fermentation of sheep and found that carnosic acid is the major bioactive compound [34],
which was consistent with the UPLC-MS/MS results of RE. Furthermore, the replacement
of rosemary leaves in sheep reduced the abundance of archaea, which may contribute to
the reduction of methane emission [28]. However, the abundance of bacteria and protozoa
was not affected [28]. In our study, metagenome analysis was not conducted to detect
different microorganisms, while several indies including the unchanged pH value, ACE
index, and Shannon index demonstrated that rumen fermentation still kept a steady state,
and the effects of RE on gas production, TVFA concentration, and nutrient degradability
also support this suggestion regardless of the doses.

Although the deposition of carnosic acid and carnosol in lamb tissues confirmed the
escape of RE from ruminal fermentation [35], the microbial diversity analysis in our study
supports the direct influences of RE on rumen microbiota. For the 16 bacterial genera whose
relative abundance was affected by RE supplementation, half of these genera showed a
≥ 1% relative abundance. The abundance of Prevotella was significantly decreased in the
presence of rosemary leaves [28], which is consistent with our results because Prevotella_1
and Prevotella are generally considered major producers of propionate and consume a
large range of nutrients [36]. Whole-rumen contents’ exchange between high and low
production efficiency to assess the response of ruminal bacterial and fungal microbiota
showed that Prevotella_1 was associated with high-efficiency cows and Prevotella_7 was
enriched in low-efficiency cows [37]. Furthermore, when evaluating the inhibiting effects of
ozone on methane production, the other Prevotella spp., Prevotella_YAB2003, had a positive
correlation with propionate concentration [38]. Succinivibrionaceae_UCG-001 is also a core
microbiome in dairy cows and is characterized by succinate [39]. These changes of Prevotella
support a decreasing propionate concentration, which is inconsistent with our results.
The higher propionate concentration and molar proportion may be explained by the
higher relative abundance of Rikenellaceae_RC9_gut_group, which has a role in structural
carbohydrate degradation and produces succinate, a propionate precursor [40]. Several
genera, Succiniclasticum and Schwartzia, belonging to the order Selenomonadales, were also
reported to be correlated with propionate production in the rumen of dairy cows [41,42].
Whether those genera were affected by RE directly or changed by other microorganisms
remains unclear. Our results showed that RE increased propionate production.

The study showed that the abundance of Anaerovibrio was enriched in the CON
group and decreased with RE supplementation. Anaerovibrio is a well-known rumen
lipolytic bacterium [43,44]. Hence, RE supplementation may have the potential to reduce
lipid degradability. Our result showed that acetate decreased with RE supplementation.
Treponema spp. are commonly distributed in the gastrointestinal tract of ruminants, encode
a wide variety of carbohydrate-active enzymes, and act synergistically with cellulolytic
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bacteria to degrade cellulose and degrade plant fibers, such as xylans [45]. Although the
NDF and ADF degradability was not significantly changed in the present study, indeed,
NDF degradability decreased with the addition of RE numerically.

5. Conclusions

In this experiment, the RE supplementation reduced methane emission in a dose-
dependent way with no changes in nutrient degradability. The profile of VFA was also
consistent with the result of gas composition, in which the RE supplementation increased
the propionate concentration and decreased the acetate concentration. Although the com-
position of the microbiota was changed, RE supplementation did not affect the richness and
evenness of the microbiota. The changed profile of VFA would provide a different substrate
for milk synthesis. These results could be used for the application of RE in the ration of
ruminants. Hence, our study provided preliminary results on RE. However, additional
in vivo studies should be conducted to test these effects.

Supplementary Materials: The following Supporting Information can be downloaded at: https:
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