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Abstract: This study determined the effects of wheat stage, preservation treatment, and harvest
time on the fermentation characteristics, methane production, and bacterial diversity. In this study,
processing wheat into hay can reduce methane production. The MWS7 (wheat harvested at 7:00 in
milk stage and preserved as silage) group had a significantly lower CO, compared with the DWS15
(wheat harvested at 15:00 in dough stage and preserved as silage) group. Neutral detergent fiber
degradation in the hay treatment harvesting at 7:00 was significantly higher than that in other treatments.
The butyrate proportion in the DWH7 (wheat harvested at 7:00 in dough stage and preserved as hay)
group was higher than that in the MWS7 group. Results from high-throughput sequencing showed
that there were differences in the relative abundance of some minor rumen microbiota among the
treatments. The MWS7 group had greater microbial diversity and the MWHY group (wheat harvested
at 7:00 in milk stage and preserved as hay) had higher species richness. In addition, the MWH7 group
had a lower Methanobrevibacter abundance and methane production. Overall, the MWH7 group may
have advantages of rumen fermentation and reduce methane production.

Keywords: whole-crop wheat; methane mitigation; rumen fermentation; high-throughput sequencing;
microbial community

1. Introduction

Among the agricultural residues, wheat straw is the second largest biomass feedstock in the world,
however, most of it has not been properly used and even been burned for a long time [1]. The burning
of wheat straw leads to not only large amounts of resource waste but also severe environment pollution
including carbon dioxide (CO,), carbon monoxide (CO), methane (CHj), N>O, and fine particulate
matter (PMy5) [2]. Therefore, finding an effective way to dispose wheat straw is of great significance
concerning over the adverse impact of burning straw. Additionally, developments in plant breeding
and agronomic techniques in the production of whole-crop wheat, together with its lower production
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cost sometimes, have resulted in the increased use of this crop as feed for ruminants [3]. The whole-crop
wheat, which consists of wheat straw and wheat grain, must be more nutritious than wheat straw for
ruminants. Several studies have shown that fermented whole-crop wheat can increase dry matter
intake and improve rumen fermentation such as rumen concentration of ammonium nitrogen NH3-N,
total volatile fatty acid (VFA) concentration, and the efficiency of microbial N synthesis [4,5]. However,
there is little published information about the comparative analysis of wheat hay and wheat silage in
fermentation characteristic using in vitro rumen cultures.

On the other hand, an environmental issue exists in the beef production systems, that is the
production of enteric methane. Methane, which could be generated during the process of feed
fermentation in the gastrointestinal tract of ruminants, is a forceful greenhouse gas, globally totals
about 80 megatons annually [6]. Besides, rumen methane production represents 2 to 12% feed energy
loss, depending on types of diets [7]. It has been reported that increasing the starch content of diet
can benefit methane mitigation, which can fight greenhouse warming [8]. It was revealed that the
increased ratios of grain to straw plus chaff of whole-crop wheat silage in the finishing diets of steers
can reduce the enteric methane emission [9]. Therefore, the increased starch content of whole-crop
wheat relative to wheat straw may create potential benefits not only for diminishing greenhouse gases,
but also reducing feed energy loss.

The rumen is a complex microbial ecosystem and is inhabited by diverse microbiota including
archaea, bacteria, fungi and protozoa, which play an important role in digesting and degrading feeds to
microbial proteins and volatile fatty acids (VFAs) [10]. The study of ruminal microecology is complicated,
owing to the daily variation in the environment, microenvironments within the rumen, the effects of
animal physiology on the rumen, and the substrate degradation capability of ruminal microorganisms [11].
Different forages have a great impact on rumen metabolism, thus affecting the rumen microbiota [12].
For example, using 165 rRNA gene-cloning library technology, Niu et al. [13] reported that whole-crop
wheat hay can be used to replace Leymus chinensis in the finishing diet of dairy bulls without adverse
effect on the ruminal bacteria composition. Therefore, necessary study should be done to discover
the microbiota variation of whole-crop wheat hay and silage in different harvest stage and time when
fermenting in the rumen liquid. The previous study found that the nutritional value of the whole-crop
wheat varied from different growth period [14]. Harvesting wheat crops in the afternoon can improve
the ensiling characteristics compared to that in the morning, because treated with sunlight illumination,
the wheat has a greater ruminal digestion and utilization of NH3-N by microbes [15].

To facilitate the research of the rumen microbial ecology, an in vitro system as a model was used to
evaluate the ruminal microenvironment. In the study, two kinds of cellulosic biomass were harvested
at different time (7:00 and 15:00) in different stage (milk stage and dough stage), preserved in different
way (hay and silage), then subjected to anaerobic fermentation in the rumen liquid. The purpose of this
research was to determine the differences in fermentation characteristics and microbiota of whole-crop
wheat hay and silage using in vitro rumen cultures.

2. Materials and Methods

2.1. Experimental Design

The whole-crop wheat was harvested at 7:00 and 15:00 in Zhuozhou City, Hebei Province of China,
respectively, with a cutting height of about 10 cm during the milky ripe stage. Subsequently, a portion
of wheat was sun cured (hay) for 5 days and a portion was ensiled in the vacuum bag for forty days.
The whole-crop wheat in the dough stage was processed in the same procedure, resulting in eight
treatments: wheat harvested at 7:00 in milk stage and preserved as hay (MWHY?) or silage (MWS?7),
wheat harvested at 7:00 in dough stage and preserved as hay (DWH?) or silage (DWS7), wheat harvested
at 15:00 in milk stage and preserved as hay (MWH15) or silage (MWS15), wheat harvested at 15:00
in dough stage and preserved as hay (DWH15) or silage (DWS15). The chemical composition of the
preserved forages is presented in Table 1.
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Table 1. The chemical composition ! of different treatments > (%, dry matter—DM basis).

Treatments p-Value %5
Item SEM 3
MWH?7 MWS7 DWH7 DWS7 MWH15 MWS15 DWH15 DWS15 S Tr Ti

EE 1.58"P 2.51ab 16" 3312 2.42ab 2.82ab 1.82ab 1.812b 0.185 0.15 0.022  0.214
aNDF 47.88° 47.01 be 47.13 be 4397°¢ 46.52 be 47.68" 5192 4144°¢ 0.556 0.009  0.031 0.185
ADF 28.58 29.09 25.81 28.66 27.08 28.99 26.37 25.98 0.423 0189  0.159  0.128
OM 91.42b 90.714 92.182 90.7 4 92144 90.89 «d 92.052 91.33 be 0.132 0.036  0.043  0.033

CP 10.99 b 12.06 2 1044 ¢ 11.06 P 10.39 ¢ 11.23b 1044 ¢ 11.2b 0.1126 0019  0.089  0.015

1 EE = ether extract; aNDF = neutral detergent fiber assayed with a heat stable amylase and expressed inclusive of residual ash; ADF = acid detergent fiber; OM = organic matter;
CP = crude protein. 2 MWH? = wheat harvested at 7:00 in milk stage and preserved as hay; MWS7 = wheat harvested at 7:00 in milk stage and preserved as silage; DWH7 = wheat harvested
at 7:00 in dough stage and preserved as hay; DWS7 = wheat harvested at 7:00 in dough stage and preserved as silage; MWH15 = wheat harvested at 15:00 in milk stage and preserved as
hay; MWS15 = wheat harvested at 15:00 in milk stage and preserved as silage; DWH15 = wheat harvested at 15:00 in dough stage and preserved as hay; DWS15 = wheat harvested at 15:00
in dough stage and preserved as silage. > SEM: Standard error of the mean. * a-d: Means within the same row without the same letter superscripts are significantly different (Tukey’s test;
p <0.05); S: stage; Tr: treatment; Ti: time; 5 p-value is the significance level based on actual statistics.
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2.2. Inoculum and Incubation

The trial animals were cared and handled following the protocols approved by the Animal
Welfare and Ethics Committee of China Agricultural University. Two cannulated Angus bulls (three
years old) were used as the donors of rumen fluid and were fed a total mixed ration (TMR) that
consist of (% of dry matter—DM basis) a concentrate mixture (30%), grass hay (20%), and corn silage
(50%). The animals were fed twice daily at 05:00 and 17:00, respectively. Approximately 300 mL of
rumen fluid were obtained from each cattle and incorporated into a 500 mL bottle, at about 3 h after
morning feeding. The rumen fluid was filtered through four layers of gauze after mixing, then taken
to the laboratory immediately. The fresh rumen fluid prepared was used as the inoculum of the
in vitro cultures. The buffered medium for incubation was prepared according to the description
of the previous study [16], which included a trace-element solution, a carbonic acid buffer solution,
a phosphate buffer solution, a sodium sulfide reducing solution (NayS) and a resazurin indicator.
All the feeds were smashed and sieved through 1.0-mm sieve as the substrate samples. Ground feed
substrate (200 mg) was accurately weighed and put into each glass syringe (calibrated volume of
100 mL), which contained 30 mL of the rumen fluid-buffer mixture (ratio = 1:2). The rumen fluid-buffer
mixture was then continuously gassed with CO,. There was no air in the syringes, whose heads were
sealed. Subsequently, the syringes were incubated in a water bath with intermittent shaking at 39 °C
for 24 h. Five syringes were used as the repetition of each treatment, and additional three ones without
substrate were used as the blanks for incubation. Each sample measurement was repeated twice.

2.3. Sampling and Chemical Analyses

The substrates of different treatments were sampled and stored at —20 °C until analyzed for
chemical composition. The dry matter (DM; methods 934.01) and ash (method 942.05) of substrate
samples were determined according to AOAC [17]. The content of organic matter (OM) was calculated
as the difference between 100 and the ash content. The crude protein (CP; method 990.03) was analyzed
according to AOAC [17] by a Kjeldahl nitrogen testing instrument (KjeltecTM 2100, Foss Technology
Corp., Hoganas, Sweden). The ether extract (EE; method 920.39) was determined in line with the
AOAC by an ANKOMXT15 Extractor (Ankom Technology Corp., Macedon, NY, USA). Analysis of
the neutral detergent fiber (aNDF), and acid detergent fiber (ADF) were carried out using Ankom
Fibre Analyser (Ankom Technology, Fairport, NY, USA) in accordance with the method described by
Van Soest et al. [18], and x-amylase and sodium sulfite were applied in the procedure of aNDEF.

At the end of incubation, the total gas production was recorded. Then gas was sampled from
each syringe into a glass tube for determining the gas composition. The value of total gas production
is that the total gas production (mL) divided by mass (g). The CHy and CO; of the gas samples
were analyzed using the gas chromatography (Model TP-2060T, Beijing Tianpu Instrument, Beijing,
China). The conditions for the analysis were TCD detector, TDX-01 column, size 1 m X 2 mm X 3 mm,
column temperature 70 °C and detector temperature 100 °C. The carrying gas was argon with the
flowing rate of 30 mL/min.

The pH of the incubation residues was measured immediately by a portable pH meter (HJ-90B,
Aerospace Computer Corporation, Haidian District, Beijing, China). Next, three aliquots of 1-mL
culture were obtained from each glass syringe into 2 mL centrifuge tube and stored in liquid N for
microbial analysis. The remaining culture was mixed and strained with filter bags (Ankom Technology,
Macedon, NY, USA) to measure the DM and aNDF degradability of the added substrates gravimetrically
according to the method of Bliimmel et al. [19].

Six aliquots of 1 mL culture filtrates, which was added 0.25 mL of metaphosphoric acid
(25 g/100 mL), were sampled into centrifuge tubes to analyze NH3-N concentration and VFA
respectively. The concentration of NH3—N in the culture medium was determined in accordance
to Bremner and Keeney [20] by a spectrophotometer (UV-1700, Shimadzu Corporation, Kyoto,
Japan). The VFA concentrations were measured by a high-performance gas chromatograph (GC-2014;
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Shimadzu Company, Japan), which was equipped with a hydrogen flame detector and a Rtx-Wax
capillary column (30 m X 0.25 mm ID X 0.25 um, polyethyleneglycol; Restek, Evry, France).

2.4. DNA Extraction and 16S rRNA Pyrosequencing

The DNA was extracted from each culture sample using a bacterial DNA Kit (DP302,
Tiangen Biotech CO., LTD, Beijing, China) in accordance with the manufacturer’s instructions.
DNA concentration and purity were evaluated using 1% agarose gels electrophoresis. According to
the concentration, DNA was diluted to 1 ng/uL using sterile water. The V3-V4 region of the
bacterial 165 rRNA genes were amplified from extracted DNA using the specific primers 341F
(5’-CCTAYGGGRBGCASCAG-3") and 806R (5'-GGACTACNNGGGTATCTAAT-3") with the barcode.
PCRs were performed in 30 pL volumes PCR mixture consisted of 15 pL of Phusion® High-Fidelity
PCR Master Mix (Thermofisher, New England Biolabs, Ipswich, MA, USA), 0.2 pM primers, and 10 ng
of DNA template. The amplicon mixture was performed as the following conditions: initial 98 °C
for 1 min, followed by 30 cycles of 98 °C for 10 s, annealing at 50 °C for 30 s, and elongating of
72 °C for 60 s with a final extension of 72 °C for 5 min. Operating electrophoresis on 2% agarose gel
was to detect the PCR products, which then were purified with Qiagen Gel Extraction Kit (Qiagen,
Germany). Subsequently, sequencing libraries were generated with the TruSeq® DNA PCR-Free
Sample Preparation Kit (Illumina, USA) following the manufacturer’s instructions and index codes
were added. At last, high-throughput sequencing was performed on an Illumina HiSeq 2500 platform
and 250 bp paired-end reads were generated (Novogene, Beijing, China).

2.5. Sequence Analyses

Paired-end reads were merged using FLASH (V1.2.7, http://ccb.jhu.edu/software/FLASH/) [21],
a very accurate and fast analysis tool, to obtain raw tags. Then the clean tags were obtained
by screening the raw tags using the Quantitative Insights Into Microbial Ecology (QIIME) V1.8
pipeline [22]. Then the effective tags finally obtained by removing the chimera sequences using the
Uchime algorithm [23]. Sequences analyses were performed by Uparse software (Uparse v 7.0.1001,
http://drive5.com/uparse/) [24] to be assigned to the same operational taxonomic units (OTUs) at an
identity threshold of 97%. For each representative sequence, taxonomic information was annotated
by using the Green Gene Database (http://greengenes.Ibl.gov/cgi-bin/nph-index.cgi) [25] based on the
Ribosomal Database Project RDP classifier (Version 2.2, http://sourceforge.net/projects/rdp-classifier/) [26]
algorithm. Alpha diversity was evaluated to analyze complexity of species diversity for a sample by
calculating Good’s coverage, ACE richness, Shannon diversity index, and Observed-species with QIIME
(Version 1.7.0). Beta diversity analysis was used to evaluate differences of samples in species complexity
with QIIME software (Version 1.7.0). Principal Coordinate Analysis (PCoA) was performed to get
principal coordinates and visualize from complex, multidimensional data using the QIIME software
package, thereby comparing the microbial communities among all samples.

After assembling and filtering, the raw sequencing data were submitted to the NCBI Sequence
Read Archive (SRA), and the SRA records will be accessible with the following link (https://www.ncbi.
nlm.nih.gov/sra/PRJINA540111) under the accession number PRJNA540111.

2.6. Statistical Analysis

The data were analyzed using the PROC MIXED of SAS version 9.0 software (SAS Institute Inc.,
Cary, NC, USA) in a 2 X 2 x 2 factorial design. The normality and homogeneity of the variance were
checked using proc UNIVARIATE. Significance among the treatments evaluated by Duncan’s multiple
range tests was declared at p < 0.05, whereas 0.05 < p < 0.10 were considered as a trend.
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3. Results

3.1. Differences in Feed Degradability and Rumen Fermentation

The effects of different treatments on substrate digestibility and fermentation by ruminal cultures
are shown in Table 2. The pH in the DWH7 group was higher than those in the MWS15, MWS15,
and DWH15 groups (p < 0.05). Treatment and time had a significant effect on the Gas production
(p < 0.05). The Gas production in the silage treatment groups harvested at 15:00 (MWS15, DWS15)
were significantly higher than those in the hay treatment groups harvested at 7:00 MWH7, DWH?)
(p < 0.05). Stage, treatment, and time had significant effect on the DM degradation (p < 0.05). The DM
degradation in the MWS15 group was higher than that in other groups (p < 0.05). Treatment and time
had significant effect on the aNDF degradation (p < 0.05). The aNDF degradation in the DWH?7 group
was higher than that in other groups (p < 0.05). Treatment affected the methane production significantly
(p < 0.05). The methane production in the wheat silage treatments (MWS7, DWS7, MWS15, DWS15)
was higher than that in the wheat hay treatments (MWH?7, DWH7, MWH15, DWH15) (p < 0.05).
Time affected the CO, production significantly (p < 0.05). The CO; production in the MWS7 group was
lower than that in the DWS15 group (p < 0.05).

3.2. Differences in Rumen VFA Profile

The effects of different treatments on VFA profile are shown in Table 2. Stage, treatments,
and time had no effects on the total VFA concentration and the molar proportion of acetate, propionate,
isobutyrate and valerate (p > 0.05). The acetate to propionate (A:P) ratio in the MWS7 and DWH15
groups were lower than that in the DWS15 group (p < 0.05). Stage had a significant effect on the
butyrate concentration (p < 0.05). The DWHY group had a higher butyrate concentration compared
with the MWS7 group (p < 0.05). The isovalerate concentration was affected by the stage and treatment
(p < 0.05). The concentration of isovalerate in the DWS7 group was significantly higher than that in
other groups (p < 0.05).

3.3. Changes in the Microbiota Community during Anaerobic Digestion

Analysis of the alpha diversity of the bacterial community among the treatments is presented in
the Figure 1. In the present study, overall Good’s coverage was above 98% (Figure 1a), shown that
most of the microbial phylotypes were explored at a 0.97 similarity. The Shannon index (Figure 1b),
which represents community diversity of the samples, was trending higher in the MWS7 group than
that in the DWHY (p = 0.066) and MWHY7 (p = 0.0817) groups; ACE (Figure 1c) and observed species
(Figure 1d) are mainly applied to evaluate the richness of the microbial community. ACE in the
DWHY7 group was lower than that in the MWHY group (p = 0.0342). ACE in the MWH7 and MWS7
groups were trending higher than that in the MWS15 group (p = 0.0548, p = 0.0962, respectively).
Observed species-level OTUs in the MWH7 and MWS? groups were trending higher than that in the
DWHY group (p = 0.0584, p = 0.0731, respectively). Observed species-level OTUs in the MWH? and
MWS7 groups were trending higher than that in the MWS15 group (p = 0.0731, p = 0.0910, respectively).
These different evaluation methods showed that the diversity of microbial community was more
abundant in the MWS7 group than that in the DWH7 and MWHY groups, while the species richness of
the MWHY7 and MWS7 groups were higher than those of the DWH7 and MWS15 groups.
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Table 2. Effects of different treatments on vitro fermentation 12

2

7 of 16

Treatments 3 p-Value 4

Item SEM -

MWH?7 MWS7 DWH7 DWS7 MWH15 MWS15 DWH15 DWSI15 S Tr Ti
pH 6.782> 6782 6.832 6.78 2b 6.77° 6.67 6.79 2b 6.76 0.010 0.006  0.003  0.004
Gas (ml/g) 257.8°¢  266.1bc  2622°¢ 27612 27242 28092 27672 27842 0.407 0.077  0.002  <0.001
Ammonia (mmol/L) 11.1 10.6 11.5 11.4 10.4 11.1 11.6 10.5 0.225 0373 0599 0615
DM degradation (%) 37.64 415° 32.5¢ 40.4bc  382cd 4423 391bed  3ggbed 0.705 0.001  <0.001  0.003
aNDF degradation (%)  43.2P 423 be 46,92 39.6<d 40.7 be 39.4«d 36.7 d 40.1°¢ 0.658 0359  0.036 <0.001
Methane (%) 19.8° 19.6° 19.1P 212 19.9 ab 21.02b 19.6° 21.02b 0.285 0453  0.015  0.669
CO, (%) 71.3 2 67.3b 67.9ab 71.02b 70.5 @b 71.8 ab 72.6 b 7352 0.666 0428  0.808  0.042

VFA (mM)

TVFA 492 475 51.0 53.3 496 483 46.6 515 0.830 0272 0547  0.466
Acetate(A) 342 325 34.9 36.8 343 33.3 31.8 355 0.607 0359 0559  0.483
Propionate(P) 8.26 8.81 8.78 8.97 8.44 8.40 8.17 8.69 0.129 0534 0289  0.326
A: P ratio 4142 3.68¢ 3.97ab 4112 4.06 20 3.96 20 3.89b 4,082 0.034 0228 0175  0.643
Isobutyrate 0.56 0.60 0.60 0.64 0.59 0.61 0.55 0.60 0.009 0522  0.056 0522
Butyrate 4512 3.8¢ 4922 4753 4542 4.2be 446 474 0.089 0.004  0.096  0.956
Isovalerate 1.11°¢ 1.2 be 1.21 be 1.44 2 1.16 be 1.22 be 1.07°¢ 1.29b 0.027 0.047  0.001  0.141
Valerate 0.61 0.63 0.65 0.67 0.59 0.61 0.56 0.71 0.014 0.135  0.075  0.339

1 a—f: Means within the same row without the same letter superscripts are significantly different (Tukey’s test; p < 0.05); S: stage; Tr: treatment; Ti: time; 2 SEM: Standard error of the mean.
3 MWHY = wheat harvested at 7:00 in milk stage and preserved as hay; MWS7 = wheat harvested at 7:00 in milk stage and preserved as silage; DWH7 = wheat harvested at 7:00 in
dough stage and preserved as hay; DWS7 = wheat harvested at 7:00 in dough stage and preserved as silage; MWH15 = wheat harvested at 15:00 in milk stage and preserved as hay;
MWS15 = wheat harvested at 15:00 in milk stage and preserved as silage; DWH15 = wheat harvested at 15:00 in dough stage and preserved as hay; DWS15 = wheat harvested at 15:00 in

dough stage and preserved as silage. 4 p-value is the significance level based on actual statistics.
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Figure 1. Estimators of the alpha diversity of bacterial community in the samples. (a) Good’s coverage;
(b) Shannon index; (c¢) ACE; (d) observed species. MWHY7 = wheat harvested at 7:00 in milk stage
and preserved as hay; MWS7 = wheat harvested at 7:00 in milk stage and preserved as silage;
DWHY = wheat harvested at 7:00 in dough stage and preserved as hay; DWS7 = wheat harvested
at 7:00 in dough stage and preserved as silage; MWH15 = wheat harvested at 15:00 in milk stage
and preserved as hay; MWS15 = wheat harvested at 15:00 in milk stage and preserved as silage;
DWH15 = wheat harvested at 15:00 in dough stage and preserved as hay; DWS15 = wheat harvested
at 15:00 in dough stage and preserved as silage.

The beta diversity analysis, which is shown by principal coordinate analysis (PCoA) in Figure 2,
was conducted to further explore the diversity of microbial communities among different treatments.
The PCoA plots revealed that the bacteria communities differed significantly among some treatments
using PC1 and PC2 (40.85% and 21.92%, respectively, of the explained variance). The bacterial
community at the phylum levels is presented in Figure 3a. In all samples, the predominant phyla were
Firmicutes (48.96%) and Bacteroidetes (42.22%), followed by Proteobacteria (2.39%), Euryarchaeota
(2.24%), and Actinobacteria (0.93%). Minor phyla included Tenericutes (0.74%), Saccharibacteria (0.68%),
Candidate_division_SR1 (0.54%), Spirochaetae (0.43%), and Fibrobacteres (0.31%). The other phyla
accounted for 0.56% of the bacteria. Figure 3b shows the differences of the phylum Saccharibacteria
among the treatments. The abundance of Saccharibacteria in the DWH? group was higher than that in
the MWS7 and MWS15 groups. The abundance of Saccharibacteria in the DWS15 group was higher
than that in the DWH15, MWS15 and MWS? groups. Figure 3c shows the differences of the phylum
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Fibrobacteres among the treatments. The abundance of Fibrobacteres in the MWS7 group was higher
than that in the MWHY group.

The bacterial communities at the genus levels are presented in Figure 4a. The composition
of the main bacteria anaerobic fermentation of different treatments was similar. The most
abundant genus was Rikenellaceae_RC9_gut_group (20.21%), followed by Prevotella (8.43%),
Christensenellaceae_R-7_group (7.41%), Ruminococcaceae_NK4A214_group (5.05%), Methanobrevibacter
(2.14%), Ruminococcaceae_UCG-010 (2.63%), Ruminococcaceae_UCG-014 (2.58%), Ruminiclostridium_5
(2.46%), Eubacterium_coprostanoligenes_group (2.09%), and Pseudomonas (0.17%). Other known genera
took up 46.82% of the total bacterial community. Figure 4b shows the differences of the genus
Ruminiclostridium_5 among the treatments. The relative abundance of Ruminiclostridium_5 in the MWS7
group was higher than that in the MWH15 and DWS15 groups. Figure 4c shows the differences of the
genus Methanobrevibacter among the treatments.

PCoA - PC1 vs PC2

m
[
[ ]
n
A o:.
o &
(0 y ‘ e e e e ettt et e
$

< & | eMwiis
o .
N ADWH7
o : DWH15
& ® * MWS7
~ : MWS15
O DWS7

01 1 $DWs15

-0.2 -

A
-0.2 -0.1 0.0 0.1

PC1 ( 40.85% )

Figure 2. Principal coordinate analysis (PCoA) of microbial community structure in anaerobic
digesters fed with different types of wheat, with shapes and colors representing different treatments.
MWHY7 = wheat harvested at 7:00 in milk stage and preserved as hay; MWS7 = wheat harvested at 7:00
in milk stage and preserved as silage; DWH7 = wheat harvested at 7:00 in dough stage and preserved
as hay; DWS7 = wheat harvested at 7:00 in dough stage and preserved as silage; MWH15 = wheat
harvested at 15:00 in milk stage and preserved as hay; MWS15 = wheat harvested at 15:00 in milk stage
and preserved as silage; DWH15 = wheat harvested at 15:00 in dough stage and preserved as hay;
DWS15 = wheat harvested at 15:00 in dough stage and preserved as silage.
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Figure 3. Taxonomic profiles at the phylum level in anaerobic fermentation of different treatments
from 16S rRNA gene sequencing. (a) The relative abundance of the top 10 phyla of rumen microbial
community among treatments; (b) The differences of the phylum Saccharibacteria among the treatments;
(c) The differences of the phylum Fibrobacteres among the treatments. MWH7 = wheat harvested at
7:00 in milk stage and preserved as hay; MWS7 = wheat harvested at 7:00 in milk stage and preserved
as silage; DWH7 = wheat harvested at 7:00 in dough stage and preserved as hay; DWS7 = wheat
harvested at 7:00 in dough stage and preserved as silage; MWH15 = wheat harvested at 15:00 in milk
stage and preserved as hay; MWS15 = wheat harvested at 15:00 in milk stage and preserved as silage;
DWH15 = wheat harvested at 15:00 in dough stage and preserved as hay; DWS15 = wheat harvested at
15:00 in dough stage and preserved as silage. ** p < 0.01.
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Figure 4. Bacterial community barplot analysis at the genus level in anaerobic fermentation of
different treatments. (a) The relative abundance of the top 10 genera of rumen microbial community
among treatments; (b) The differences of the genus Ruminiclostridium_5 among the treatments;
(c) The differences of the genus Methanobrevibacter between the groups. MWH?7 = wheat harvested at
7:00 in milk stage and preserved as hay; MWS7 = wheat harvested at 7:00 in milk stage and preserved
as silage; DWH7 = wheat harvested at 7:00 in dough stage and preserved as hay; DWS7 = wheat
harvested at 7:00 in dough stage and preserved as silage; MWH15 = wheat harvested at 15:00 in milk
stage and preserved as hay; MWS15 = wheat harvested at 15:00 in milk stage and preserved as silage;
DWH15 = wheat harvested at 15:00 in dough stage and preserved as hay; DWS15 = wheat harvested at
15:00 in dough stage and preserved as silage. ** p < 0.01.

4. Discussion

The process of fermentation by ruminal cultures largely depends on available substrate. The pH
of substrate fermentation is an important index to reflect whether rumen environment is healthy. In the
present study, the pH values (6.4-6.8) were within the range of normality [27], which indicated that the
rumen internal environment was static to some extent among different treatments. This likely due to the
significant interaction effect on the pH of stage, treatment, and time. Moreover, the higher culture pH in
the DWHY group than in the MWS15 may be a result of the numerically higher ammonia concentration
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in the DWHY group than in the MWS15 group [28]. The gas production in vitro is a valuable index that
describes the fermentability of ruminant feedstuffs and estimates DM degradation [29,30]. The greater
gas production in the wheat harvested at 15:00 MWH15, MWS15, DWH15, DWS15) may because that
the enzyme activity evaluated or some harmful bacteria were killed through the strong sunshine at noon,
thereby increasing the digestibility of OM in the rumen fermentation. The higher DM degradation in
the MWS15 group probably resulted from the greater microbial and enzymatic activity [31]. The higher
aNDF degradation in the DWH7 group may be attributed to the more fibrolytic bacteria attached to
the surface of the feed after the wheat was harvested at 7:00 in the dough stage and dried in the sun.
In the process of rumen fermentation, there were more fibrolytic bacteria to be fond of digesting the
wheat in the DWHY group.

Methane inhibition in the MWHY group may be explained by the decreased availability of
hydrogen for methanogenesis in the anaerobic fermentation of wheat hay [28]. The abundance of
Methanobrevibacter decreased significantly in the MWHY group, while the methanogens have a symbiotic
relationship with the protozoa in the rumen, which play a very important role in the generation of
methane. The protozoa can produce a large number of hydrogen molecules in its own metabolic
process, which can be used by methanogens to synthesize methane [32]. Therefore, we concluded that
utilizing wheat hay in the ruminants not only benefits the global environment [33], but also reduces
dietary gross energy loss [33]. CO; is one of the main gas composition in the anaerobic fermentation of
rumen fluid, the higher CO; production in the wheat harvested at 15:00 probably because of the higher
gas production in those groups, which resulted from the higher DM degradation [34]. Besides, CO; also
is one of the main greenhouse gases in the atmosphere [35]. Therefore, the wheat group harvested
at 7:00 MWH7, MWS7, DWHY7, DWS?) is beneficial for the global environment when fermenting in
the rumen.

Substrate composition affects the VFA concentration in the fermentation processes [36].
Consequently, the unaffected concentration of total VFA, acetate, and propionate, indicating that the
fermentation pattern is similar, which could be explained by that all the substrate in the fermentation
were wheat among different treatments. Although no significant differences occurred in acetate or
propionate production in the in vitro study, there were lower acetate but higher propionate level just in
the value in MWS7 and DWHI15 groups. Therefore, the observed values of A:P ratio in the MWS7 and
DWHI15 groups were lower, indicating that there were more easy-to-ferment carbohydrates in these
two substrates, thereby producing more propionate and reducing the A:P ratio. After the absorption of
reticulorumen wall, the majority of butyrate can be transformed into beta-hydroxy acid, which is used
for the energy supply of the body tissues. Butyrate is very important in the rumen of young ruminants,
it can not only promote the proliferation and differentiation of rumen epithelial cells, but also improve
the intestinal peristalsis and sensitivity [37]. In this experiment, the content of butyrate in the DWH?7
group was significantly higher than that in the MWS7 group. This may be due to the rapid propagation
of the microorganisms (such as Butyrivibrio fibrisolvens) that release butyrate during the fermentation
process, which illustrates that there existed superimposed effect among these factors. As previously
reported by Andries et al. [38], the majority of ruminal cellulolytic microbes utilize the branched-SCFA
(ex. isovalerate) to produce branched-chain amino acids for the sake of proliferating and improving
their functions and enzyme activity. Therefore, the higher concentration of isovalerate in the DWS7
group could account for the lower utilization by bacteria and the greater degree of protein metabolism.

In the present study, the most abundant phyla were Firmicutes, Bacteroidetes, and Proteobacteria,
which are the major bacterial phyla taking an important part in anaerobic fermentation of rumen [13,39,40].
The phylum Firmicutes can produce all kinds of lipases, proteases, cellulases and other extracellular
enzymes, which enables hydrolysis of complex macromolecules such as fats, proteins, amino acids,
hemicellulose, cellulose, and sugars [41]. Bacteroidetes are mainly associated with the hydrolysis
of complex macromolecular OM, such as the degradation of carbohydrates into monosaccharides,
and subsequent hydrolysis of these macromolecules into small molecules of acetic acid, lactic acid,
and succinic acid [42]. Spirochaetes was a kind of ubiquitous bacteria, which was explored in anaerobic
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digesters [43]. This phylum is able to ferment glucose in the anaerobic fermentation [44] and may be
conducive to the acidogenesis through the fermentation of sugars generated from the hydrolyzation of
the wheat grass [45].

More recently, the complete genomes of Saccharibacteria, obtained through metagenomics,
suggested that some members have an obligate fermentative metabolism, fermenting glucose and
other sugars, while producing lactate [46]. Fibrobacteres are cellulolytic bacteria in the anaerobic
fermentation of rumen [45], the abundance of Fibrobacteres in the MWS?7 group was higher than that
in the MWHY group. However, the difference in the aNDF degradation between MWS7 and MWH?7
groups was not observed. This may because that the Fibrobacteres sequences took up an average of
only 0.31% of the total bacterial community, thereby the effect of Fibrobacteres on the aNDF digestibility
was subtle among treatments.

We notice the highest abundance genus was Rikenellaceae_RC9 bacteria, this result was in
accordance with the research reported by Zened et al. [45]. The Rikenellaceae_RC9 has not been
researched extensively in the anaerobic fermentation of rumen liquid, however, the previous study
reported by Pitta et al. [47] had already revealed that this genus and other cellulose-decomposing
bacteria gather together, indicating that this genus is associated with the degradation of structural
carbohydrates. Methanobrevibacter belongs to the phylum Euryarchaeota, which can use hydrogen
or formate as substrates to produce CHy in the rumen [48]. Therefore, the lower abundance of
Methanobrevibacter in the MWHY group may account for the lower CHy production in the MWHY7
group indicating that it is beneficial for the inhibition of methane in the environment to utilize wheat
harvested at 7:00 in milk stage and preserved as hay in the feed of ruminants.

During anaerobic fermentation, Prevotella has the rate-limiting activity of the dipeptidyl
peptidase type IV, which takes responsibility for the hydrolysis of oligopeptides [49]. Therefore,
its function is related to the protein metabolism and ammonia production, especially the breakdown
of oligopeptides [50]. In this study, treatments did not affect the relevant abundance of Prevotella,
which could account for the undifferentiated ammonia production. Ruminococcaceae_NK4A214_group,
Ruminococcaceae_UCG-010, Ruminococcaceae_UCG-014 and Ruminiclostridium_5 all belong to
Ruminococcaceae, a family has the ability to hydrolyze and ferment carbohydrates, might take
an important part in the digestive process of wheat grass [51,52].

5. Conclusions

This study compared the methane production, fermentation characteristics and microbiota
of whole-crop wheat hay and silage using in vitro rumen cultures and 16S rRNA gene amplicon
sequencing technology. On the whole the gas production in the wheat groups harvested at 15:00 was
higher than that harvested at 7:00 in this study. The hay treatment can reduce methane production in
fermentation, especially the DWHY group. The aNDF degradation was higher in the DWHY? group
than that in other groups. The MWS7 group had greater microbial diversity and the MWH? and
MWS? groups had higher species richness. There were differences in the relative abundance of some
minor rumen microbiota rather than the dominant bacteria at the phylum and genus levels among
treatments. This study demonstrated that the wheat hay treatment harvested at 7:00 in the milk stage
and dough stage can be more effective and practical in energy saving and pollution abatement, and the
combination of agriculture and animal husbandry.

Author Contributions: Conceptualization, W.N., B.C., and H.S.; formal analysis, W.N. and H.-W.; investigation,
YH. Q.Q. and TS, project administration, B.C. and H.S.; writing—original draft preparation, W.N.;
writing—review and editing, H.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Demonstration Project of Exploitation and Utilization of High-Quality Silage
and Roughage Resources (16200157), National Key R&D Program of China (2018YFD05018000), Key Technology
R&D Program of Ningxia (2017BY078), and China Agriculture Research System (CARS-37).

Conflicts of Interest: We declare the submitted work was not carried out in the presence of any personal,
professional or financial relationships that could potentially be construed as a conflict of interest.



Appl. Sci. 2020, 10, 8456 140f 16

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Talebnia, F.; Karakashev, D.; Angelidaki, I. Production of bioethanol from wheat straw: An overview on
pretreatment, hydrolysis and fermentation. Bioresour. Technol. 2010, 101, 4744-4753. [CrossRef]

Li, L.; Wang, Y.; Zhang, Q.; Li, ].; Yang, X.; Jin, ]. Wheat straw burning and its associated impacts on Beijing
air quality. Sci. China Ser. D Earth Sci. 2008, 51, 403—414. [CrossRef]

Walsh, K.; O’Kiely, P.; Taweel, H.Z.; McGee, M.; Moloney, A.P.; Boland, T.M. Intake, digestibility and rumen
characteristics in cattle offered whole-crop wheat or barley silages of contrasting grain to straw ratios.
Anim. Feed Sci. Technol. 2009, 148, 192-213. [CrossRef]

Keady, TW.].; Lively, FO.; Kilpatrick, D.J.; Moss, B.W. Effects of replacing grass silage with either maize or
whole-crop wheat silages on the performance and meat quality of beef cattle offered two levels of concentrates.
Animal 2007, 1, 613. [CrossRef] [PubMed]

Owens, D.; McGee, M.; Boland, T.; O’Kiely, P. Rumen fermentation, microbial protein synthesis, and nutrient
flow to the omasum in cattle offered corn silage, grass silage, or whole-crop wheat. J. Anim. Sci. 2009,
87, 658-668. [CrossRef]

Beauchemin, K.A.; Kreuzer, M.; O’'Mara, F.; McAllister, T.A. Nutritional management for enteric methane
abatement: A review. Aust. J. Exp. Agric. 2008, 48, 21. [CrossRef]

Johnson, K.A.; Johnson, D.E. Methane emissions from cattle. . Anim. Sci. 1995, 73, 2483. [CrossRef]

Moss, A.R.; Jouany, ].P.; Newbold, J. Methane production by ruminants: Its contribution to global warming.
Ann. Zootech. 2000, 49, 231-253. [CrossRef]

Geough, E.J.M.; O’Kiely, P; Hart, K]J.; Moloney, A.P.; Boland, TM.; Kenny, D.A. Methane emissions,
feed intake, performance, digestibility, and rumen fermentation of finishing beef cattle offered whole-crop
wheat silages differing in grain contentl. J. Anim. Sci. 2010, 88, 2703. [CrossRef]

Kim, M.; Morrison, M.; Yu, Z. Status of the phylogenetic diversity census of ruminal microbiomes.
FEMS Microbiol. Ecol. 2011, 76, 49-63. [CrossRef]

Ziemer, C.J.; Sharp, R.; Stern, M.D.; Cotta, M.A.; Whitehead, T.R.; Stahl, D.A. Comparison of microbial
populations in model and natural rumens using 16S ribosomal RNA-targeted probes. Environ. Microbiol.
2000, 2, 632-643. [CrossRef] [PubMed]

Popova, M.; Morgavi, D.P,; Martin, C. Methanogens and Methanogenesis in the Rumens and Ceca of
Lambs Fed Two Different High-Grain-Content Diets. Appl. Environ. Microb. 2013, 79, 1777-1786.
[CrossRef] [PubMed]

Niu, W.; He, Y;; Xia, C.; Rahman, M.A.U.; Qiu, Q.; Shao, T; Liang, Y.; Ji, L.; Wang, H.; Cao, B. Effects of replacing
Leymus chinensis with whole-crop wheat hay on Holstein bull apparent digestibility, plasma parameters,
rumen fermentation, and microbiota. Sci. Rep. 2017, 7, 1-12. [CrossRef] [PubMed]

Weinberg, Z.G.; Khanal, P; Yildiz, C.; Chen, Y.; Arieli, A. Effects of stage of maturity at harvest, wilting and
LAB inoculant on aerobic stability of wheat silages. Anim. Feed Sci. Technol. 2010, 158, 29-35. [CrossRef]
Xia, C.; Liang, Y.; Bai, S.; He, Y.; Muhammad, A.U.R; Su, H.; Cao, B. Effects of harvest time and added
molasses on nutritional content, ensiling characteristics and in vitro degradation of whole-crop wheat.
Asian Austral. |. Anim. 2018, 31, 354-362. [CrossRef]

Menke, K.H.; Raab, L.; Salewski, A.; Steingass, H.; Fritz, D.; Schneider, W. The estimation of the digestibility
and metabolizable energy content of ruminant feedingstuffs from the gas production when they are incubated
with rumen liquor in vitro. J. Agric. Sci. 1979, 93, 217. [CrossRef]

AOAC. Official Methods of Analysis, 15th ed.; Association of Official Analytical Chemists: Washington, DC,
USA, 1990.

Van Soest, PJ.; Robertson, ].B.; Lewis, B.A. Methods for Dietary Fiber, Neutral Detergent Fiber, and Nonstarch
Polysaccharides in Relation to Animal Nutrition. J. Dairy Sci. 1991, 74, 3583-3597. [CrossRef]

Bliimmel, M.; Steingaf3, H.; Becker, K. The relationship between in vitro gas production, in vitro microbial
biomass yield and N incorporation and its implications for the prediction of voluntary feed intake of
roughages. Br. |. Nutr. 1997, 77, 911. [CrossRef]

Bremner, ] M.; Keeney, D.R. Steam distillation methods for determination of ammonium, nitrate and nitrite.
Anal. Chim. Acta 1965, 32, 485-495. [CrossRef]

Magoc, T.; Salzberg, S.L. FLASH: Fast length adjustment of short reads to improve genome assemblies.
Bioinformatics 2011, 27, 2957-2963. [CrossRef]


http://dx.doi.org/10.1016/j.biortech.2009.11.080
http://dx.doi.org/10.1007/s11430-008-0021-8
http://dx.doi.org/10.1016/j.anifeedsci.2008.03.013
http://dx.doi.org/10.1017/S1751731107685024
http://www.ncbi.nlm.nih.gov/pubmed/22444418
http://dx.doi.org/10.2527/jas.2007-0178
http://dx.doi.org/10.1071/EA07199
http://dx.doi.org/10.2527/1995.7382483x
http://dx.doi.org/10.1051/animres:2000119
http://dx.doi.org/10.2527/jas.2009-2750
http://dx.doi.org/10.1111/j.1574-6941.2010.01029.x
http://dx.doi.org/10.1046/j.1462-2920.2000.00146.x
http://www.ncbi.nlm.nih.gov/pubmed/11214796
http://dx.doi.org/10.1128/AEM.03115-12
http://www.ncbi.nlm.nih.gov/pubmed/23241983
http://dx.doi.org/10.1038/s41598-017-02258-2
http://www.ncbi.nlm.nih.gov/pubmed/28522863
http://dx.doi.org/10.1016/j.anifeedsci.2010.03.006
http://dx.doi.org/10.5713/ajas.17.0542
http://dx.doi.org/10.1017/S0021859600086305
http://dx.doi.org/10.3168/jds.S0022-0302(91)78551-2
http://dx.doi.org/10.1079/BJN19970089
http://dx.doi.org/10.1016/S0003-2670(00)88973-4
http://dx.doi.org/10.1093/bioinformatics/btr507

Appl. Sci. 2020, 10, 8456 150f 16

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Caporaso, ].G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, ED.; Costello, E.K ; Fierer, N.; Pefia, A.G.;
Goodrich, ].K.; Gordon, J.L; et al. QIIME allows analysis of high-throughput community sequencing data.
Nat. Methods 2010, 7, 335-336. [CrossRef] [PubMed]

Edgar, R.C.; Haas, B.J.; Clemente, J.C.; Quince, C.; Knight, R. UCHIME improves sensitivity and speed of
chimera detection. Bioinformatics 2011, 27, 2194-2200. [CrossRef] [PubMed]

Edgar, R.C. UPARSE: Highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 2013,
10, 996-998. [CrossRef] [PubMed]

DeSantis, T.Z.; Hugenholtz, P; Larsen, N.; Rojas, M.; Brodie, E.L.; Keller, K.; Huber, T.; Dalevi, D.; Hu, P.;
Andersen, G.L. Greengenes, a Chimera-Checked 16S rRNA Gene Database and Workbench Compatible with
ARB. Appl. Environ. Microb. 2006, 72, 5069-5072. [CrossRef] [PubMed]

Wang, Q.; Garrity, G.M.; Tiedje, ].M.; Cole, J.R. Naive Bayesian Classifier for Rapid Assignment of rRNA
Sequences into the New Bacterial Taxonomy. Appl. Environ. Microb. 2007, 73,5261-5267. [CrossRef] [PubMed]
Jouany, ].P. Optimizing rumen functions in the close-up transition period and early lactation to drive dry
matter intake and energy balance in cows. Anim. Reprod. Sci. 2006, 96, 250-264. [CrossRef]

Patra, A.K,; Yu, Z. Combinations of nitrate, saponin, and sulfate additively reduce methane production by
rumen cultures in vitro while not adversely affecting feed digestion, fermentation or microbial communities.
Bioresour. Technol. 2014, 155, 129-135. [CrossRef] [PubMed]

Dijkstra, J.; Kebreab, E.; Bannink, A.; France, J.; Lopez, S. Application of the gas production technique to feed
evaluation systems for ruminants. Anim. Feed Sci. Technol. 2005, 123-124, 561-578. [CrossRef]

Keim, J.P; Alvarado-Gilis, C.; Arias, R.A.; Gandarillas, M.; Cabanilla, J. Evaluation of sources of variation on
in vitro fermentation kinetics of feedstuffs in a gas production system. Anim. Sci. J. 2017, 88, 1547-1555. [CrossRef]
Del Bianco Benedeti, P.; Paulino, P.V.R.; Marcondes, M.I.; Maciel, I.LES.; Da Silva, M.C.; Faciola, A.P.
Partial Replacement of Ground Corn with Glycerol in Beef Cattle Diets: Intake, Digestibility, Performance,
and Carcass Characteristics. PLoS ONE 2016, 11, e148224. [CrossRef]

Finlay, B.J.; Esteban, G.; Clarke, K.J.; Williams, A.G.; Embley, TM.; Hirt, R.P. Some rumen ciliates have
endosymbiotic methanogens. FEMS Microbiol. Lett. 1994, 117, 157-161. [CrossRef]

Holter, J.B.; Young, A.]. Methane prediction in dry and lactating Holstein cows. J. Dairy Sci. 1992,
8,2165-2175. [CrossRef]

Zhao, G.; Xue, Y.; Zhang, W. Relationship between in vitro gas production and dry matter and organic matter
digestibility of rations for sheep. J. Anim. Feed Sci. 2007, 16, 229-234. [CrossRef]

Burke, E.J.; Chadburn, S.E.; Huntingford, C.; Jones, C.D. CO, loss by permafrost thawing implies additional
emissions reductions to limit warming to 1.5 or 2 °C. Environ. Res. Lett. 2018, 13, 24024. [CrossRef]

Friedt, A.D.; McAllister, T.A.; He, M.L.; Penner, G.B.; McKinnon, ].J. Effects of replacing barley grain with
graded levels of wheat bran on rumen fermentation, voluntary intake and nutrient digestion in beef cattle.
Can. . Anim. Sci. 2014, 94, 129-137. [CrossRef]

Chuntao, Y.; Qiyu, D.; Peibin, Q.; Bingwen, S.; Junnan, M.; Yucai, Z.; Yan, T. Effects of Candida tropicalis and
Mulberry Leaf Flavonoids on Nutrient Metabolism and Rumen Fermentation of Calves. Chin. |. Anim. Nutr.
2016, 28, 224-234.

Andries, J.I; Buysse, FEX.; De Brabander, D.L.; Cottyn, B.G. Isoacids in ruminant nutrition: Their role in
ruminal and intermediary metabolism and possible influences on performances—A review. Anim. Feed
Sci. Tech. 1987, 18, 169-180. [CrossRef]

Zhang, R.; Zhu, W,; Zhu, W.; Liu, J.; Mao, S. Effect of dietary forage sources on rumen microbiota,
rumen fermentation and biogenic amines in dairy cows. J. Sci. Food Agric. 2014, 94, 1886-1895. [CrossRef]
Zhao, X,; Liu, J; Liu, J.; Yang, F; Zhu, W.; Yuan, X,; Hu, Y,; Cui, Z.; Wang, X. Effect of ensiling and
silage additives on biogas production and microbial community dynamics during anaerobic digestion of
switchgrass. Bioresour. Technol. 2017, 241, 349-359. [CrossRef]

St-Pierre, B.; Wright, A.D. Comparative metagenomic analysis of bacterial populations in three full-scale
mesophilic anaerobic manure digesters. Appl. Microbiol. Biotechnol. 2014, 98, 2709-2717. [CrossRef]

Yue, Z.; Chen, R.; Yang, F; Maclellan, J.; Marsh, T. Effects of dairy manure and corn stover co-digestion
on anaerobic microbes and corresponding digestion performance. Bioresour. Technol. 2013, 128, 65-71.
[CrossRef] [PubMed]

Lee, S.H.; Park, ]. H.; Kang, H.].; Lee, Y.H.; Lee, T.]. Distribution and abundance of Spirochaetes in full-scale
anaerobic digesters. Bioresour. Technol. 2013, 145, 25-32. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nmeth.f.303
http://www.ncbi.nlm.nih.gov/pubmed/20383131
http://dx.doi.org/10.1093/bioinformatics/btr381
http://www.ncbi.nlm.nih.gov/pubmed/21700674
http://dx.doi.org/10.1038/nmeth.2604
http://www.ncbi.nlm.nih.gov/pubmed/23955772
http://dx.doi.org/10.1128/AEM.03006-05
http://www.ncbi.nlm.nih.gov/pubmed/16820507
http://dx.doi.org/10.1128/AEM.00062-07
http://www.ncbi.nlm.nih.gov/pubmed/17586664
http://dx.doi.org/10.1016/j.anireprosci.2006.08.005
http://dx.doi.org/10.1016/j.biortech.2013.12.099
http://www.ncbi.nlm.nih.gov/pubmed/24440491
http://dx.doi.org/10.1016/j.anifeedsci.2005.04.048
http://dx.doi.org/10.1111/asj.12825
http://dx.doi.org/10.1371/journal.pone.0148224
http://dx.doi.org/10.1111/j.1574-6968.1994.tb06758.x
http://dx.doi.org/10.3168/jds.S0022-0302(92)77976-4
http://dx.doi.org/10.22358/jafs/74495/2007
http://dx.doi.org/10.1088/1748-9326/aaa138
http://dx.doi.org/10.4141/cjas2013-139
http://dx.doi.org/10.1016/0377-8401(87)90069-1
http://dx.doi.org/10.1002/jsfa.6508
http://dx.doi.org/10.1016/j.biortech.2017.03.183
http://dx.doi.org/10.1007/s00253-013-5220-3
http://dx.doi.org/10.1016/j.biortech.2012.10.115
http://www.ncbi.nlm.nih.gov/pubmed/23196223
http://dx.doi.org/10.1016/j.biortech.2013.02.070
http://www.ncbi.nlm.nih.gov/pubmed/23562175

Appl. Sci. 2020, 10, 8456 16 of 16

44.

45.

46.

47.

48.

49.

50.

51.

52.

Delbes, C.; Moletta, R.; Godon, ].J. Monitoring of activity dynamics of an anaerobic digester bacterial
community using 165 rRNA polymerase chain reaction-single-strand conformation polymorphism analysis.
Environ. Microbiol. 2000, 2, 506-515. [CrossRef] [PubMed]

Zened, A.; Combes, S.; Cauquil, L.; Mariette, J.; Klopp, C. Microbial ecology of the rumen evaluated by 454
GS FLX pyrosequencing is affected by starch and oil supplementation of diets. FEMS Microbiol. Ecol. 2013,
83, 504-514. [CrossRef] [PubMed]

Albertsen, M.; Hugenholtz, P.; Skarshewski, A.; Nielsen, K.L.; Tyson, G.W.; Nielsen, P.H. Genome sequences of
rare, uncultured bacteria obtained by differential coverage binning of multiple metagenomes. Nat. Biotechnol.
2013, 31, 533-538. [CrossRef] [PubMed]

Pitta, D.W.; Pinchak, W.E.; Dowd, S.E.; Osterstock, ].; Gontcharova, V. Rumen Bacterial Diversity Dynamics
Associated with Changing from Bermudagrass Hay to Grazed Winter Wheat Diets. Microb. Ecol. 2010,
59, 511-522. [CrossRef]

Danielsson, R.; Ramin, M.; Bertilsson, J.; Lund, P.; Huhtanen, P. Evaluation of a gas in vitro system for
predicting methane production in vivo. J. Dairy Sci. 2017, 100, 8881-8894. [CrossRef]

Wallace, R.J. Conference: Altering Ruminal Nitrogen Metabolism to Improve Protein utilization. J. Nutr.
1996, 126, 13265-1334S. [CrossRef]

Niu, W.; He, Y.; Wang, H.; Xia, C.; Shi, H.; Cao, B.; Su, H. Effects of Leymus chinensis replacement with
whole-crop wheat hay on blood parameters, fatty acid composition, and microbiotas of Holstein bulls.
J. Dairy Sci. 2018, 101, 246-256. [CrossRef]

Rey, M,; Enjalbert, F.; Combes, S.; Cauquil, L.; Bouchez, O. Establishment of ruminal bacterial community in
dairy calves from birth to weaning is sequential. J. Appl. Microbiol. 2013, 116, 245-257. [CrossRef]

Li, Y;; Shi, J.; Nelson, M.C.; Chen, P; Graf, J.; Li, Y.; Yu, Z. Impact of different ratios of feedstock to liquid
anaerobic digestion effluent on the performance and microbiota of solid-state anaerobic digesters digesting
corn stover. Bioresour. Technol. 2016, 200, 744-752. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1046/j.1462-2920.2000.00132.x
http://www.ncbi.nlm.nih.gov/pubmed/11233159
http://dx.doi.org/10.1111/1574-6941.12011
http://www.ncbi.nlm.nih.gov/pubmed/22974422
http://dx.doi.org/10.1038/nbt.2579
http://www.ncbi.nlm.nih.gov/pubmed/23707974
http://dx.doi.org/10.1007/s00248-009-9609-6
http://dx.doi.org/10.3168/jds.2017-12675
http://dx.doi.org/10.1093/jn/126.suppl_4.1326S
http://dx.doi.org/10.3168/jds.2017-13267
http://dx.doi.org/10.1111/jam.12405
http://dx.doi.org/10.1016/j.biortech.2015.10.078
http://www.ncbi.nlm.nih.gov/pubmed/26575616
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Experimental Design 
	Inoculum and Incubation 
	Sampling and Chemical Analyses 
	DNA Extraction and 16S rRNA Pyrosequencing 
	Sequence Analyses 
	Statistical Analysis 

	Results 
	Differences in Feed Degradability and Rumen Fermentation 
	Differences in Rumen VFA Profile 
	Changes in the Microbiota Community during Anaerobic Digestion 

	Discussion 
	Conclusions 
	References

