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Abstract: This study aimed to explore the dynamic variations of rumen fermentation characteristics
and bacterial community composition during a 24 h in vitro fermentation. A total of twenty-three
samples were collected from original rumen fluid (ORF, n = 3), fermentation at 12 h (R12, n = 10),
and fermentation at 24 h (R24, n = 10). Results showed that gas production, concentrations of
microbial crude protein, ammonia nitrogen, and individual volatile fatty acids (VFA), as well as
total VFA and branched-chain VFA concentrations, were higher in R24 when compared with R12
(p < 0.05). However, no significant differences were observed in acetate to propionate ratio and
fermentation efficiency between R12 and R24 (p > 0.05). Bacterial diversity analysis found that
Shannon index and Simpson index were higher in R24 (p < 0.05), and obvious clusters were observed
in rumen bacterial community between R12 and R24. Taxonomic analysis at the phylum level
showed that the abundances of Proteobacteria and Fibrobacteres were higher in R12 than that in
R24, and inverse results were observed in Bacteroidetes, Firmicutes, Cyanobacteria, Verrucomicrobia,
Lentisphaerae, and Synergistetes abundances. Taxonomic analysis at the genus level revealed that the
abundances of Rikenellaceae RC9 gut group, Succiniclasticum, Prevotellaceae UCG-003, Christensenellaceae
R-7 group, Ruminococcaceae UCG-002, Veillonellaceae LICG-001, and Ruminococcaceae NK4A214 group
were higher in R24, whereas higher abundances of Succinivibrionaceae UCG-002, Ruminobacter, and
Fibrobacter, were found in R12. Correlation analysis revealed the negative associations between
gas production and abundances of Proteobacteria, Succinivibrionaceae UCG-002, and Ruminobacter.
Moreover, the abundances of Firmicutes, Rikenellaceae RC9 gut group, Christensenellaceae R-7 group,
and Ruminococcaceae UCG-002 positively correlated with VFA production. These results indicate
that both rumen fermentation characteristics and bacterial community composition were dynamic
during in vitro fermentation, whereas the fermentation pattern, efficiency, and bacterial richness
remained similar. This study provide insight into the dynamics of rumen fermentation characteristics
and bacterial composition during in vitro fermentation. This study may also provide a reference for
decision-making for the sampling time point when conducting an in vitro fermentation for bacterial

community investigation.

Keywords: dynamic variation; fermentation characteristic; in vitro fermentation; rumen bacterial community

1. Introduction

In vitro fermentation is a vital methodology to evaluate nutritional value of a certain
feedstuff or complex feeds, as well as to monitor fermentation state and to explore the
nutrient metabolism mechanism [1-3]. The technology is labor-saving and avoids large
variations between individual animals when compared with in vivo animal feeding ex-
periment [4], allowing for its popularization over the past decades in the field of animal
nutrition [2,5-7]. Several variables have been documented to influence the fermentation
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progress when using in vitro fermentation technique, including the diet of donor animals,
origin of inoculum, inoculum freshness, collection time of inoculum, substrate to inoculum
ratio, pH adjustment, particle size of substrate, temperature, the stability of rumen commu-
nity, and anaerobic environment [8-15]. The most commonly used inocula are rumen fluid
and fresh feces, however, the latter was observed to produce lower gas volume, methane
emission, and volatile fatty acids (VFA) concentrations probably due to less microbial
activity [12,16]. Therefore, it is better to prepare the inoculum with rumen fluid, and a
representative rumen fluid sample appears to be another factor that affects the fermentation
progress. Collection of rumen fluid through a rumen cannula provides a representative
rumen sample, whereas the invasiveness and its high cost for the surgical procedure and
daily nursing care have limited its widespread application [17,18]. Sampling the rumen
contents of animals at slaughter may be an alternative to reduce cost and to increase the
number of animals for rumen fluid collection. However, reduced microbial activity has
been reported in rumen samples collected at slaughter [16]. Therefore, it is still necessary
to collect rumen fluid from a live ruminant while considering cost, animal welfare, and rep-
resentativeness. The method of esophageal tubing provides representative rumen sample
similar to the sample collected via the rumen cannula [17], meanwhile balancing both the
cost and representativeness for a rumen fluid acquirement. It is important to collect rumen
fluid from animals that are acclimated to a fermentation substrate fed consistently. Mlambo
et al. [19] found that adapted rumen fluid produced more gas production when compared
with rumen fluid not adapted to the fermentation substrate. These results suggest that the
inoculum collected from the animals fed the same diet with fermentation substrate and
collected by esophageal tubing offers a practical approach for in vitro fermentation studies.

A typical in vitro fermentation process involves incremental gas production and total
VFA concentration due to continuous fermentation of carbohydrates, whilst other rumen
fermentation characteristics, such as ammonia nitrogen (NH;3-N), microbial crude protein
(MCP), pH value, individual volatile fatty acids (VFA), have not shown consistent trends as the
in vitro fermentation progressed [20-22]. Despite various data reporting that rumen in vitro
fermentation characteristics may differ according to ending time points [4,22-24]. Statistical
comparisons of in vitro rumen fermentation parameters at various end points are not well
established, limiting perspectives on determining ideal sampling times in capturing the process
of fermentation as it progresses over time. Onime et al. [11] investigated the in vitro dynamic
rumen fermentation characteristics using substrate with concentrate to forage ratio of 25:75
and 75:25, they found that total VFA, acetate, and butyrate concentrations were higher in
sampling at 24 h than that in sampling at 0 h, and opposite result was emerged in pH value
in both substrates. They also reported that the absolute abundances of Ruminococcus albus and
Streptococcus bovis were higher in sampling at 24 h when compared with the collection time of 0 h
using the quantitative real time polymerase chain reaction (QPCR), and there were no differences
in Butyrivibrio fibrisolvens and Megasphaera elsdenii abundances between these two sampling
times [11]. The method of QPCR was also taken by Kang et al. [25] to quantify the cellulolytic
bacteria changes at 6 h and 24 h fermentation. Ruiz et al. [26] detected the dynamics of cellulolytic
bacteria and cellulolytic fungi as in vitro fermentation progressed using microbiological counting
methods. However, QPCR or traditional microbiological visually counting could only quantify
some of ruminal bacteria at a time, hence more advanced technology is needed to uncover the
variations of rumen bacterial community composition during the in vitro fermentation process.
The technology of 16S rRNA gene sequences paves the way for quantifying the bacteria or
archaea abundances at different taxonomic classifications for both cultured microorganisms
and environmental sequences, as well as diversity and similarity between groups [27]. This 16S
rRNA based technique has been widely used to investigate the rumen microbial populations
and metabolic activity [28-31]. Gilbert et al. [32] took the technology of 165 rRNA gene amplicon
sequencing to track the day-to-day microbial populations over a 14 day in vitro fermentation
period, and they reported time-related variations as the microorganisms adapted to the certain
fermentation condition. The widely used and proven technology should also be adapted to the
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typically short-period ruminal in vitro fermentation, so that a more comprehensive profile of
rumen bacteria community could be drawn as in vitro fermentation advances.

In this study, we conducted an in vitro fermentation experiment to explore: (1) whether
the rumen fermentation characteristics and bacterial community composition varied during
a 24 h in vitro fermentation, and (2) the necessity to collect both 12 h and 24 h samples for
bacterial community analysis of in vitro fermentation test. We hypothesized that rumen
fermentation characteristics would vary during fermentation process but not the response
for fermentation pattern and efficiency, and most of the rumen bacterial community com-
position would remain similar.

2. Materials and Methods
2.1. Composition of Fermentation Substrate

The fermentation substrate was the total mixed ration for high-yielding Chinese
Holstein cows; the ingredients and nutrient composition of the diet are listed in Table 1.

Table 1. Ingredients and nutrient composition of the fermentation substrate (Dry matter basis, DM %).

Fermentation Substrate DM %
Ingredients
Corn silage 23.87
Alfalfa hay 18.56
Oat hay 2.64
Corn 25.69
Soybean meal 3.01
wheat 7.65
wheat bran 2.67
Beet pulp 1.81
Molasses 2.54
Cottonseed 8.53
Fat-energy powder 1.29
Dicalcium phosphate 0.62
Salt 0.57
Premix ! 0.55
Total 100.00
Nutrient composition
Crude protein (CP) 16.90
Net energy for lactation (NEL), Mcal/kg 1.75
Neutral detergent fiber (NDF) 31.01
Acid detergent fiber (ADF) 23.10
Non-fibrous carbohydrate (NFC) 40.27
Crude fat 5.56
Calcium 0.85
Phosphorus 0.42

I Premix was formulated to provide (per kilogram of premix): 1,000,000 IU of vitamin A, 200,000 IU of vitamin D,
1250 IU of vitamin E, 14,000 mg of Zn, 100 mg of Se, 180 mg of I, 3000 mg of Fe, 40 mg of Co, 3000 mg of Mn, and
3000 mg of Cu.

2.2. Rumen Fluid Collection and Experimental Design

The animal care and welfare involved in this experiment were permitted by the
Committee for the Care and Use of Experimental Animals at Jiangxi Agricultural University
(JXAULL-20190017). Five Holstein cows (41.0 & 6.36 months; parity = 3.44 =+ 0.53; milk
yield = 35.2 & 1.04 kg/d; mean + SD) were taken as the rumen fluid donors and were fed
the same diet as fermentation substrate (Table 1) for two months before rumen content
collection. The rumen content was collected 1 h before morning feeding using esophageal
tube as described by Paz et al. [17], wherein both fluid and solid fractions were obtained.
Rumen content was firstly mixed for 3 min using a handmixer to remove cellulolytic
bacteria which are attached to fibre particles, and then was separated by filtering with four
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layers of gauze to obtain the rumen fluid. The pH value was determined immediately after
rumen content was taken out using a pH meter (Rex PHBJ-260, Shanghai INESA Scientific
Instrument Co., Ltd., Shanghai, China) and the pH value was 6.74, 6.87, 6.89, 6.92, and
6.78 for the sampled cows, respectively. All five rumen fluid samples were mixed in equal
proportions in a 5 L-glass bottle and was finally used as the rumen fluid for the subsequent
in vitro test. Three samples from the mixed rumen fluid were collected randomly for the
detection of basal characteristics of original rumen fluid (designated as ORF), and two
fermentation time points: 12 h (designated as R12) and 24 h (designated as R24), with ten
replications in each time point, were designed to carry out an in vitro incubation.

2.3. In Vitro Incubation

The composition of in vitro cultivation medium was the same as described in Zheng
et al. [33]. Briefly, distilled water, artificial saliva, constant element solution, trace element
solution, reducing agent solution, and resazurin solution were evenly mixed at the ratio of
47.56%, 23.78%, 23.78%, 0.01%, 4.76% and 0.11% according to volume, respectively. The detailed
composition of each solution was described in Zheng et al. [33], as well as showed in Table S1.
For each replication, 0.40 g of fermentation substrate was added to the 60 mL inoculum, which
was composed of above prepared cultivation medium and rumen fluid at the volume ratio
of 2:1. The CO, was injected to remove oxygen in the 125-mL vessel and the vessel was then
promptly sealed with rubber plug to set to the incubator, which was conducted under the steady
temperature of 39 °C and fluctuating frequency of 120 r/min. Gas production (in volume, mL)
was recorded directly from a tube marked with scale value at the time point of 3h, 6 h,9h, 12 h,
18 h, and 24 h. Fermented product was collected at 12 h and 24 h (both were from ten different
vessels), which was terminated with ice. The pH value was determined immediately after
the fermented product was collected and the subsequent samples were obtained by filtering
through four layers of gauze. The filtered samples were used for DNA extraction and rumen
fermentation characteristics determination, including NH3-N, MCP, lactate, and VFA.

2.4. Rumen Fermentation Characteristics Determination

The NH;3-N concentration was determined using the method of phenol-hypochlorite
reaction as described in Broderick and Kang [34]. The Folin phenol method based on
Lowry’s assay was taken to determine the concentration of MCP, as described by Makkar
et al. [35]. The concentration of lactate was measured using the corresponding assay kit
purchasing from Jiancheng Bioengineering institute (Nanjing, China). VFA measurement
was performed according to our previous study [36], where a gas chromatograph (GC-2014
Shimadzu Corporation, Kyoto, Japan) equipped with a 30 m capillary column (Rtx-Wax,
0.25 mm ID x 0.25 um film, Restek, Evry, France) was taken. Individual VFA measured
included acetate, propionate, isobutyrate, butyrate, isovalerate, and valerate, with the
sum of isobutyrate, valerate, and isovalerate defined as branched-chain volatile fatty acids
(BCVFA). The production of methane (CH,) was estimated as described by Moss et al. [37],
with the calculation in Equation (1):

CH; =045 x C2 —0.275 x C3 +0.40 x C4 @D

where C2 indicates the concentration of acetate, C3 and C4 indicate propionate and butyrate
concentrations, respectively. The non-glucogenic to glucogenic acids ratio (NGR) was
calculated as Equation (2):

NGR = (C2 +2 x C4 + C5)/(C3 + C5) )
and fermentation efficiency (FE) was calculated as Equation (3):

FE = (0.622 x C2 +1.092 x C3 + 1.56 x C4)/(C2 + C3 +2 x C4) 3)
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where C2, C3, C4, and C5 indicate acetate, propionate, butyrate, and valerate, respectively;
both were carried out according to Wang et al. [4].

2.5. Bacterial Community Analysis

Twenty-three DNA samples (10, 10, and 3 for R12, R24, and OREF, respectively) were
extracted using a DNA Kit (OMEGA, Omega Bio-Tek, Norcross, GA, USA), and the method
of two-step of bead-beating was taken as described in Paz et al. [17]. The purity and quality
of the extracted DNA were checked on a 1% agarose gel, and the concentration of extracted
DNA was determined by a Qubit 2.0 Fluorometer (Life Technologies Corporation, Carlsbad,
CA, USA). The DNA concentration was diluted to 1 ng/uL according to the previous
quantitation, and the diluted DNA was used for subsequent sequencing analysis.

A total of twenty-three high-purity and high-quality DNA were transported to the
Allwegene Gene Technology Co., LTD (Nanjing, China) for PCR amplification and MiSeq
sequencing. The V3 to V4 hypervariable region was selected as the target gene fragment,
with the barcoded primers as follows: 338F (5'-ACTCCTACGGGAGGCAGCAG-3') and
806R (5'-GGACTACHVGGGTWTCTAAT-3'). The amplification reaction system and pro-
gram were the same as our previous report [38]. Each sample was amplified with three
replications, and PCR products were evaluated on 2% agarose gels and purified by an
AxyPrep DNA Gel Extraction kit (Axygen Biosciences, Union City, CA, USA). The qualified
libraries were sequenced on an Illumina MiSeq platform (San Diego, CA, USA) following
the manufacturer’s instructions, wherein 300 bp paired-end reads were generated.

The raw data were analyzed using the quantitative insights into microbial ecology
(QIIME, version 1.9.1). Paired end reads were merged by the Fast Length Adjustment of
Short reads (FLASH, version 1.2.11). The length of the sequences was set between 250 bp
and 500 bp. Sequences were filtered if they met one of the below criteria: containing
ambiguous base or chimera, the evaluated quality score less than 20, or a mismatch to
primer sequences or barcode tags. The filtered high-quality sequences were clustered into
operational taxonomic units (OTUs) at the similarity of 97% by means of UPARSE method
(USEARCH v11.0.667, [39]). OTUs across samples were rarefied to the lowest sample depth
(41,988 reads), with an average OTUs of 2164. Alpha diversity metrics were calculated using
the Mothur software package (version 1.43.0, Patrick Schloss, Ann Arbor, MI, USA) [40].
Taxonomic classifications were performed by assigning against the SILVA database release
128 (https:/ /www.arb-silva.de/, accessed on 29 September 2016, [41]) using Ribosomal
Database Project (RDP) classifier (http://sourceforge.net/projects/rdp-classifier/, accessed
on 30 September 2016) with a confidence threshold of 70% [42]. The principal component
analysis (PCA) and non-metric multidimensional scaling (NMDS) were adopted to show the
differences between R12 and R24, which were finished in R software basing on Euclidean
distances and Bray-Curtis distances, respectively. Analysis of similarity (ANOSIM) was
performed to assess the similarities between R12 and R24 using the vegan community
ecology package. Correlations between gas production, rumen fermentation characteristics,
and rumen bacterial community were presented with a heat map, which was performed
using GraphPad Prism (version 8.0.2, GraphPad Software, Inc., San Diego, CA, USA). The
Spearman correlation coefficients (r) and FDR corrected values (q) were calculated by the
Psych packages (version 1.8.12) to show their correlations.

2.6. Statistical Analysis

All data in this study were confirmed to be normally distributed after normality test. A
two-tailed Student’s t-test was then performed for comparisons between R12 and R24 using
SPSS (version 21, IBM Corporation, Armonk, NY, USA). The significance was declared at
0.05 (p < 0.05).
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3. Results
3.1. Total Gas Production and Methane Production

The production of total gas and methane as fermentation process advanced is shown
in Figure 1. Both the total gas production and methane production in R24 were higher than
that in R12 (both were p < 0.001), increased by 39.03% and 13.04% for total gas and methane
production, respectively.

100~ ~ 15—
—_ a mm R12 % a
- £ b ;
£ 804 mm R24 £
S b —

c ]
2 60- W 5 10
S g
T 40- °
3 5 5
n Q

20+ =
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0- = -

Figure 1. Total gas production (left) and methane production (right) at 12 h and 24 h incubation. R12,
in vitro rumen fermentation at 12 h; R24, in vitro rumen fermentation at 24 h. ab Different lower-case
letters indicate significant differences between the R12 and R24.

3.2. Rumen Fermentation Characteristics

The rumen fermentation characteristics as the fermentation process advanced are
shown in Table 2. The pH value in R24 was lower than that in R12 (p = 0.001). Individual
volatile fatty acids, as well as BCVFA and total VFA, were observed to be higher in R24
than that in R12 (p < 0.01). Both microbial crude protein and ammonia nitrogen were higher
in R24 when compared with R12 (p < 0.001). However, no significant differences were
observed in lactate concentration, acetate to propionate ratio, NGR, and FE between R12
and R24 (p > 0.05).

Table 2. Rumen fermentation characteristics as in vitro rumen fermentation advanced.

Item ! ORF 2 R122 R24 2 SEM 3 p-Value 4

pH value 6.84 7.60 7.32P 0.047 0.001
Acetate, mM 37.8 29.7b 3372 0516 <0.001
Propionate, mM 10.3 11.6° 13.32 0.221 <0.001
Isobutyrate, mM 0.39 0.19° 0.27%2 0.009 <0.001

Butyrate, mM 4.10 3.64° 410° 0.083 0.003

Isovalerate, mM 048 0.60° 0.85° 0.032 <0.001

Valerate, mM 0.57 0.95P 1.08 2 0.025 0.005
Branched-chain volatile fatty acids, mM 143 1.73b 2202 0.063 <0.001
Total volatile fatty acids, mM 53.6 46.7° 5322 0.825 <0.001
Microbial crude protein, mg/L ND? 121.8° 209.4 2 10.5 <0.001
Ammonia nitrogen, mg/dL ND?> 2320 7212 0.675 <0.001
Lactate, mg/L ND? 8.25 8.79 0.432 0.542

Acetate to propionate ratio 3.66 2.56 2.54 0.027 0.699
Non-glucogenic to glucogenic acids ratio 427 3.03 3.00 0.036 0.688
Fermentation efficiency 0.73 0.76 0.76 0.0008 0.746

1 Branched-chain volatile fatty acids, the sum of isobutyrate, valerate, and isovalerate; Total volatile fatty acid,
the sum of acetate, propionate, isobutyrate, butyrate, isovalerate, and valerate. 2 ORE, original rumen fluid; R12,
in vitro rumen fermentation at 12 h; R24, in vitro rumen fermentation at 24 h. 3 SEM, standard error of means.
4 Comparisons were conducted between R12 and R24. ® ND, values not determined. *® Different lower-case
letters within the same row indicate significant differences between the R12 and R24. The same for tables below.
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3.3. Alpha Diversity Metrics

As shown in Table 3, phylogenetic diversity (PD) whole tree, Shannon index, and
Simpson index were higher in R24 than that in R12 (p < 0.05), whereas no significant
differences were observed in Chao 1 and observed species between R12 and R24 (p > 0.05).

Table 3. Alpha diversity metrics of ruminal bacteria as in vitro rumen fermentation advanced.

Item ORF R12 R24 SEM p-Value
Chao 1 3161 2849 2972 58.5 0.305
Observed species 2333 2052 2225 52.2 0.099
PD whole tree ! 163.8 143.5P 154.82 2.82 0.042
Shannon index 8.41 7.78 b 8.26% 0.075 <0.001
Simpson index 0.990 0.980 P 0.989 2 0.001 <0.001

1 PD whole tree, phylogenetic diversity whole tree.

3.4. Rumen Bacterial Community

The taxonomic analysis at the level of phylum (relative abundance > 0.1%) is reported
in Table 4. The relative abundances of Bacteroidetes, Firmicutes, Cyanobacteria, Verrucomicrobia,
Lentisphaerae, and Synergistetes were higher in R24 than that in R12, whereas the relative
abundances of Proteobacteria and Fibrobacteres were found to be higher in R12 than that in
R24 (p < 0.05).

Table 4. Rumen bacterial composition at the phylum level as in vitro fermentation advanced.

Phylum ORF R12 R24 SEM p-Value
Bacteroidetes 61.63 59.78 66.62 1.299 0.005
Firmicutes 20.86 13.61P 22.284 1.216 <0.001
Proteobacteria 10.66 21.34°2 5.33b 1.920 <0.001
Saccharibacteria 1.79 0.98 1.04 0.094 0.757
Tenericutes 2.60 0.97 0.77 0.079 0.220
Fibrobacteres 0.95 1.162 0.85P 0.071 0.009
Cyanobacteria 0.20 0.59 P 0.872 0.067 0.028
Spirochaetae 0.19 0.56 0.64 0.062 0.521
Verrucomicrobia 0.31 0.28b 0.622 0.086 0.042
SR1 Absconditabacteria 0.40 0.34 0.31 0.039 0.737
Lentisphaerae 0.07 0.13" 0252 0.026 0.010
Elusimicrobia 0.04 0.13 0.17 0.015 0.283
Synergistetes 0.05 0.07b 0.142 0.017 0.028

The taxonomic analysis at the genus level is shown in Table 5. A total of fifteen genera
were observed with an average relative abundance greater than 0.5%, and ten of them were
found with differences between R12 and R24. The abundances of Rikenellaceae RC9 gut
group, Succiniclasticum, Prevotellaceae UCG-003, Christensenellaceae R-7 group, Ruminococcaceae
UCG-002, Veillonellaceae UCG-001, and Ruminococcaceae NK4A214 group were higher in
R24, whereas Succinivibrionaceae UCG-002, Ruminobacter, and Fibrobacter abundances were
observed to be higher in R12 (p < 0.05).
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Table 5. Rumen bacterial composition at the genus level as in vitro fermentation advanced.

Genus ORF R12 R24 SEM p-Value
Prevotella 1 39.40 41.91 42.51 1.244 0.817
Succinivibrionaceae UCG-002 7.49 10.652 2.09b 1.005 <0.001
Rikenellaceae RC9 gut group 5.05 4.22b 6.532 0.362 <0.001
Succiniclasticum 1.76 3.05b 5.652 0.547 0.013
Ruminobacter 1.58 7.282 0.37b 0.842 <0.001
Prevotellaceae UCG-003 3.79 2.27b 2742 0.111 0.032
Christensenellaceae R-7 group 3.40 1.42°b 2.83° 0.210 <0.001
Prevotellaceae UCG-001 2.30 1.26 1.2 0.114 0.987
Candidatus Saccharimonas 1.79 0.98 1.04 0.094 0.757
Fibrobacter 0.95 1.162 0.85P 0.071 0.009
Ruminococcaceae UCG-014 1.50 1.04 0.73 0.098 0.119
Succinivibrio 0.25 0.75 0.97 0.071 0.129
Ruminococcaceae UCG-002 0.09 038P 1.132 0.095 <0.001
Veillonellaceae UCG-001 0.73 0.40b 0.844 0.089 0.010
Ruminococcaceae NK4A214 group 0.71 0.42° 0702 0.062 0.019

3.5. Beta Diversity

As shown in Section 3.6 and Figure 3, both PCA and NMDS showed obvious clusters
between R12 and R24. ANOSIM analysis also showed significant differences in rumen
bacterial community between R12 and R24 (R = 0.9659, p = 0.001).

3.6. Correlation Analysis

Correlations between gas production, rumen fermentation characteristics, and rumen
bacterial community are shown in Figure 4. Gas production was negatively correlated with
the abundances of Proteobacteria, Succinivibrionaceae UCG-002, and Ruminobacter (r < —0.70
and q < 0.05), the latter two genera were associated positively with pH value (r > 0.70 and
q < 0.05). The Simpson index negatively correlated with pH value (r = —0.768 and q < 0.05).
The methane production and NH3-N concentration correlated positively with Firmicutes,
Rikenellaceae RC9 gut group, and Christensenellaceae R-7 group (r > 0.70 and q < 0.05). The
Firmicutes, Rikenellaceae RC9 gut group, and Ruminococcaceae UUCG-002 positively correlated
with acetate, isobutyrate, isovalerate, total VFA, and BCVFA (r > 0.70 and q < 0.05), whereas
Proteobacteria, Succinivibrionaceae UCG-002, and Ruminobacter were found to have negative
associations with these rumen fermentation characteristics (r < —0.70 and q < 0.05).
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Figure 2. Principal component analysis (PCA) of rumen bacterial communities based on Euclidean
distances. ORF, original rumen fluid; R12, in vitro rumen fermentation at 12 h; R24, in vitro rumen

fermentation at 24 h.
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Figure 4. Correlations between gas production, rumen fermentation characteristics, and rumen
bacterial community. VFA, volatile fatty acids; BCVFA, branched-chain volatile fatty acids; NH3-N,
ammonia nitrogen; only significant correlations (r > 0.70 or r < —0.70 and q < 0.05) and bacteria

with average relative abundances > 0.5% are shown. The colors indicate positive (red, closer to 1) or
negative (blue, closer to —1).

4. Discussion

Fermentation gas is derived from the digestion of carbohydrate during the fermenta-
tion process, and is associated with rumen degradability of the organic matter [4]. Many
reports have found the increased degradability of dry matter in going from 12 h to 24 h
of in vitro fermentation [4,20,33]; therefore, it is easy to expect the higher gas production
in R24. VFA is known as the main end product of substrate, and its composition, con-
centration, as well as acetate to propionate ratio are important indicators of fermentation
characteristics [20]. Structural carbohydrates and nonstructural carbohydrates continue
to degrade as the fermentation process advances, producing acetate and propionate, re-
spectively [43]. Similar increased degradability and availability were also applied in other
substrates, such as protein and starch, which are vital for the production of BCVFA and
propionate, respectively [43]. These well-stablished theories explained the higher concen-
trations of individual VFAs, total VFAs, and BCVFA in R24. However, fermentation time
did not alter the fermentation pattern and efficiency, which could be seen from the non-
significances in acetate to propionate ratio, NGR, and FE. More production of VFA would
decrease the pH value, despite the increment in NH3-N concentration due to continuous
degradation of protein [33]. Higher utilization of degraded protein yields more MCP, and
the utilization is affected by the microbial composition and activity [33]. The higher MCP
here could be explained by the higher bacterial diversity (Table 3) and varied bacterial
community (Section 3.6 and Figure 3). These results indicated that the yield of fermentation
products developed in a time-dependent manner, whereas the fermentation pattern and
efficiency were stable during in vitro fermentation.

Bacterial alpha diversity includes species richness and evenness, which are primarily
described as Chao 1 and observed species, Shannon index and Simpson index, respectively.
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In this study, differences were found in evenness rather than richness between R12 and R24,
which could be partly explained by the report that the number of some bacteria tended to be
similar during the fermentation process from 12 to 24 h [44]. However, certain species at the
level of phylum and genus experienced dynamic changes due to their adaptability of the
microenvironment to fermentation substrate. Bacteroidetes and Firmicutes were regarded as
the two phyla with the most abundances in ruminal bacteria [45], and the latter was found
to be positively associated with VFA production [38], as well as correlated negatively with
ruminal pH value [46]. Therefore, the incremental abundance of Firmicutes was expected
because of the increased VFA concentration and lower pH value as fermentation progressed.
The phyla of Fibrobacteres and Proteobacteria involve in fibre digestion [38], and previous
report has found that cellulolytic and hemicellulolytic bacteria increased rapidly at the
initial stage and declined gradually from 2 h to 24 h incubation [44], which explains the
higher abundances of Fibrobacteres and Proteobacteria in R12. Qiu et al. [45] found that
the abundance of Cyanobacteria increased during the adaptation to a new diet, and an
incremental increase was observed in Cyanobacteria abundance in R24, indicating that this
phylum may play vital roles in acclimation to shifted microenvironment. As an extremely
acidophilic bacterium, Verrucomicrobia showed higher abundance in R24, probably due to
its tolerance to low-pH and participation in methane metabolism [47]. Succinivibrionaceae
UCG-002 and Ruminobacter belong to the family of Succinivibrionaceae, which is the principal
producer of succinate and a competitor with methanogens for methanogenesis [48,49].
Therefore, it is reasonable to see these two genera with lower abundances in R24 due to
the increased methane production. Rikenellaceae RC9 gut group was previously reported to
play vital roles in carbohydrates degradation [50]. Moreover, Succiniclasticum, Prevotellaceae,
and Ruminococcaceae were found to be more abundant in starch-rich diet and involved in
the degradation of non-structure carbohydrate [38]. Therefore, it is expected the higher
abundances of these genera itself or collateral to above families, namely Prevotellaceae UCG-
003, Ruminococcaceae UCG-002, and Ruminococcaceae NK4A214 group, because amylolytic and
lipolytic bacteria grew quickly during the incubation from 2 h to 24 h [44]. The abundance
of Veillonellaceae LUICG-001 was higher in R24, this could be partly explained by the fact
that the family Veillonellaceae was able to degrade glycerol and was more active in acidic
environment [51]. More evidence from obvious clusters between R12 and R24 in PCA and
NMDS, as well as significance in ANOSIM, confirmed the varied bacterial community as
incubation time advanced.

The correlation analysis revealed the relationships between gas production, rumen
fermentation characteristics, rumen bacterial diversity and composition. The family Suc-
cinivibrionaceae competes with methanogens for hydrogen as a substrate for producing
succinate instead of methane [48], which may explain the negative correlations between
the abundances of two genera in this family, Succinivibrionaceae UCG-002 and Ruminobacter,
and gas production. The phylum Firmicutes was reported with high hydrolytic potential to
degrade organic compounds, such as protein and polysaccharides [52], providing evidence
for the positive associations between Firmicutes and VFA production, as well as NH3-N
concentration. Another evidence for their correlations would come from Hook et al. [46],
who found that the proportion of Firmicutes was higher when cows were suffered from
subacute ruminal acidosis, a common syndrome characterized by long-time duration of
low pH value due to high VFA concentrations. Moreover, the relationship of Firmicutes and
methanogens was hypothesized to contribute to methane synthesis in a similar manner [52],
which was indirectly confirmed by Gonzalez-Fernandez et al. [53] with the findings that
high abundance of Firmicutes yielded more methane. In this study, positive correlation
was observed between Firmicutes and methane production, further verifying the aforemen-
tioned hypothesis. It is widely accepted that low pH value is not favorable for the growth
of ruminal bacteria, especially the cellulolytic bacteria, and many studies have found the
decreased bacteria diversity when ruminal pH declined [38,46]. As an indicator of bacterial
diversity, the Simpson index showed negative associations with ruminal pH value due to
above theories. The phylum Proteobacteria is mainly involved in degrading structural car-
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bohydrates [38], whereas nonstructural carbohydrates are commonly regarded as rapidly
fermentable organic compounds to yield abundant VFA and gas production [36,43,46].
Therefore, it is expected to observe the negative associations between Proteobacteria and
VFA production, as well as gas production, which is in line with the report of Jin et al. [54].
The genus Rikenellaceae RC9 gut group was found to be involved in degrading fiber [38],
and structural carbohydrates, such as fiber, would yield more acetate [43]; hence, it is
obvious to expect a positive association between Rikenellaceae RC9 gut group abundance and
acetate concentration. The abundance of Ruminococcaceae was reported to be higher in cattle
fed high-density diet when compared with less-concentrate diet [38], indicating that this
family may involve in nonfibrous material digestion. Ruminococcaceae UCG-002, a genus
belonging to the family Ruminococcaceae, showed positive associations with VFA, partly
due to the fact that more rapidly fermentable carbohydrates produce more VFA [43,55].
As a member of Christensenellaceae, Christensenellaceae R-7 group play important roles in
degrading carbohydrates and amino acids into acetate and ammonia, respectively [56],
which demonstrated well the positive correlations between Christensenellaceae R-7 group
and acetate, as well as between Christensenellaceae R-7 group and NH3-N. A recent study
revealed that better growth performance and meat quality could be achieved by increasing
the abundance of Christensenellaceae R-7 group [57]; therefore, it is tempting to explore
whether Christensenellaceae R-7 group could improve rumen fermentation both in vitro and
in vivo.

5. Conclusions

Taken together, the yield of fermentation products increased as in vitro fermentation
progressed. The bacterial evenness and part of bacteria at the level of phylum or genus
varied during a 24 h in vitro incubation. Correlation analysis revealed associations between
gas production and bacteria abundances, as well as correlations between rumen fermenta-
tion characteristics and bacteria abundances. This study provide insight into the dynamics
of rumen fermentation characteristics and bacterial community composition during a 24 h
in vitro fermentation and may provide a reference for decision making for the sampling
time point.
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