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Abstract: The ingestion of cold water in winter results in fluctuating decreases in rumen temperature,
impacting rumen fermentation function and methane production. This study aimed to investigate the
impact of calcium propionate (CaP) on rumen fermentation characteristics, methane production, and
microbial microbiome under different in vitro incubation temperatures. A 2 × 2 factorial experiment
was conducted over 72 h, with or without 2.5% CaP (dry matter [DM] basis) in substrate under
a constant incubation temperature (39 ◦C, CIT) or shifting incubation temperatures (12 cycles in
total, with each cycle consisting of 4 h of incubation at 39 ◦C followed by immediate transfer to
30 ◦C for 2 h, ITS). The results showed that ITS inhibited the gas production, methane production,
and methane concentration at 12 and 72 h (p < 0.05), and reduced the concentration of ammonium
nitrogen (−14.25%), propionate (−16.14%), butyrate (−12.67%), and total volatile fatty acid (−8.50%)
at 72 h more than the CIT groups (p < 0.05). The addition of 2.5% CaP significantly increased
the gas production at 72 h (+4.84%), asymptotic gas production (+5.08%, per 0.2 g DM substrate),
concentration of propionate (+18.05%), and valerate (+9.45%) (p < 0.05) compared to CaP-free groups,
while it had no observable effect on the production or concentration of methane. Furthermore, the
addition of 2.5% CaP yielded a significant increase in the relative abundance of Bacteroides (p < 0.05).
Under the ITS condition, the relative abundance of Methanomicrobiales decreased and was positively
correlated with methane production at 72 h (r = 0.47, p < 0.05). Additionally, CaP decreased the
abundance of Prevotella_UCG_003 (p < 0.05), which was negatively correlated with the asymptotic gas
production (r = 0.45, p < 0.05). Overall, our study suggests that the addition of 2.5% CaP can alleviate
the adverse effects of ITS on in vitro fermentation parameters by regulating microbial composition
and sustaining a reduction in methane production.

Keywords: in vitro fermentation; incubation temperature; calcium propionate; microbial abundance;
methane production

1. Introduction

Methane (CH4) is a particularly powerful greenhouse gas (GHG), which has 34 times
the radiative forcing potential of CO2 over the course of a century [1–3]. Globally, CH4
emissions from the gastrointestinal tract of ruminants account for 30% of global anthro-
pogenic CH4 emissions [4], which also accounts for 2% to 12% of gross energy intake in
ruminants [5]. The main source of CH4 synthesis in rumen is microbial fermentation, and
certain environmental conditions, such as temperature, pH, osmotic pressure, and redox
potential, are necessary for the microbiome to thrive [6,7]. Among them, temperature was

Fermentation 2023, 9, 544. https://doi.org/10.3390/fermentation9060544 https://www.mdpi.com/journal/fermentation

https://doi.org/10.3390/fermentation9060544
https://doi.org/10.3390/fermentation9060544
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fermentation
https://www.mdpi.com
https://doi.org/10.3390/fermentation9060544
https://www.mdpi.com/journal/fermentation
https://www.mdpi.com/article/10.3390/fermentation9060544?type=check_update&version=1


Fermentation 2023, 9, 544 2 of 14

a key factor affecting microbial activity. Barnett et al. [8] observed an 8% reduction in
methane yield in sheep exposed to low ambient temperatures (9 ◦C) compared to 26 ◦C.
Duarte et al. [9] demonstrated that a 4 ◦C reduction in in vitro incubation temperature
significantly decreased CH4, volatile fatty acids (VFA), and ammonium nitrogen (NH3-N)
production. These studies indicate that reducing ambient or rumen temperature can inhibit
CH4 production; however, it also has negative effects on rumen fermentation, which can
further impact ruminant performance [10].

Cold water intake is a primary factor that leads to lower rumen temperature [11].
Peterson et al. [12] observed a decrease in rumen temperature to 31.6 ◦C following the
ingestion of water at 8.2 ± 0.4 ◦C, which subsequently returned to normal levels within
approximately 2 h. In regions characterized by temperate and cold temperate climates, such
as Korea and Siberia [13,14], the intake of ambient water can have adverse effects on rumen
temperature, consequently impacting animal performance. Guo et al. [15] reported that,
in cold environments, a significant portion of propionate may enter the gluconeogenesis
pathway in sheep, which can be attributed to the elevated energy requirements of ruminants
under cold conditions, and the propionate serves as a key precursor in gluconeogenesis
and plays a vital role in providing energy to ruminants [16].

In this study, we assume the increased energy expenditure required for restoring
rumen temperature after cold water intake in winter and the propionate is crucial in this
process. Therefore, we simulated the impact of drinking cold water on rumen temperature
by periodically reducing the in vitro incubation temperature to 30 ◦C and hypothesized
that the addition of calcium propionate (CaP) to the substrate would alleviate the resulting
inhibition of rumen fermentation. Therefore, the objectives of this study were to investigate
the effects of CaP addition and in vitro incubation temperature shift on rumen fermentation
parameters, CH4 production, and microbial communities.

2. Materials and Methods

This experiment was carried out at the Beef Cattle Research Station of China Agricul-
tural University in Beijing. Animal care and research procedures were approved by the
Animal Welfare and Ethics Committee of China Agricultural University (permit number:
AW71012202-1-1). Experiments were carried out following the “Regulations on the Ad-
ministration of Experimental Animals” (National Science and Technology Commission of
China, 1988).

2.1. Experimental Design and Diets

This experiment followed a 2 × 2 factorial design with a total of 4 treatments. The
treatments consisted of substrates with or without 2.5% CaP (99.26% purity, Dongxin
company, Shandong, China; DM basis) incubated at either a constant temperature (CT) of
39 ◦C or an incubation temperature shift (ITS) pattern. The ITS mode included 12 incubation
temperature cycles, with each cycle consisting of maintaining a temperature of 39 ◦C for
4 h followed by 30 ◦C for 2 h, resulting in a total incubation time of 72 h. The experiment
utilized a total of 48 incubation tubes, with each treatment having 12 replicates. Each
replicate was assigned to one incubation tube. The supplement dose of CaP was derived
from the previous work of Liu et al. [17]. The basal fermentation substrate’s composition
and nutrient levels are shown in Table 1. The substrate was air-dried, crushed through a
1 mm sieve, and set aside.
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Table 1. Composition and nutrient levels of the basal fermentation substrate (%, DM basis).

Ingredient Composition Content

Corn 28.15
Soybean meal 8.64
Jujube powder 7.64

Corn silage 32.96
Corn stalk 17.04

Salt 1.13
Premix 1 2.22

Calcium hydrogen phosphate 1.10
Sodium bicarbonate 1.12

Nutrient composition
DM 48.62
EE 2.95

Lignin 4.16
CP 12.05

NDF 42.98
ADF 23.46
Ca 0.53
P 0.33

DM: dry matter; EE: ether extract; CP: crude protein; NDF: neutral detergent fiber; ADF: acid detergent fiber; Ca:
calcium; P: phosphorus. Premix 1: Fe 12 g/kg, Mn 1 g/kg, Cu 1 g/kg, Zn 11 g/kg, I 30 mg/kg, Se 30 mg/kg, Co
20 mg/kg, Vitamin A 450,000 IU/kg, Vitamin D3 60,000 IU/kg, Vitamin E 2000 mg/kg.

2.2. Experiment Procedure and Sampling

Fresh rumen fluid was collected from three Angus cattle (460 ± 48 kg) fitted with
permanent ruminal fistulas before morning feeding. The rumen liquid was squeezed and
filtered through four layers of cheesecloth into vacuum bottles. The samples were immedi-
ately shipped to the laboratory of the Beef Cattle Research Center of China Agricultural
University. In vitro incubation was performed according to the procedure outlined by
Menke et al. [18]. The inoculum for in vitro fermentation was prepared by mixing rumen
fluid with artificial saliva at a ratio of 1:2 (v/v) under continuous CO2 flux. A rumen
incubation syringe (D-89173, Haberle Labortechnik, Lonsee, Germany) was prepared, and
220 mg (accurate to 0.0001 g) of the substrate (the ratio of concentrate to crude is 50:50) was
weighed into an incubation tube. CaP was added at 0 (CaP-free groups) or 25 mg/kg (CaP
groups) to 12 incubation syringes, respectively, with CT and ITS groups each assigned to 6
of them. A total of 30 mL of in vitro fermentation inoculum was injected into each syringe
using a varispenser (Eppendorf AG, Hamburg, Germany). Three water bath automatic
shaking incubators (Jie Cheng Experimental Apparatus, Shanghai, China) were prepared in
advance, and the water bath temperatures were kept at 39 ◦C, 39 ◦C, and 30 ◦C, respectively.
The CT groups were incubated in one of the 39 ◦C water bath shakers for 72 h. The ITS
groups were incubated in another 39 ◦C water bath automatic shaker for 4 h and then
immediately transferred to a 30 ◦C water bath automatic shaker for 2 h, with a total of
12 cycles of incubation that lasted for 72 h.

Cumulative gas production (GP) was manually recorded at time points of 0, 2, 4, 6,
8, 10, 12, 18, 24, 30, 36, 42, 48, 60, and 72 h during the incubation period. At the end of 12
and 72 h of incubation, 6 tubes from each treatment were placed in ice water, and pH was
measured immediately using a rapid pH meter (teso205, testoAG, Baden-Württemberg,
Germany), and triplicate gas samples were collected from each syringe to determine CH4
and CO2 production via Gas Chromatography (TP-2060F, Beijing Beifen Tianpu Analytical
Instrument Co., Ltd., Beijing, China). After 72 h of fermentation, the fermentation liquid
was sampled in each syringe, then centrifuged at 8000× g for 15 min at 4 ◦C, and the
supernatants were obtained to determine VFA, NH3-N, and microbial composition.
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2.3. Chemical Analysis
2.3.1. Gas Production

The dynamic gas production parameters of the samples were calculated according to
the formula proposed by Ørskov and McDonald et al. [19]:

Y = b × (1 − ect) (1)

where Y represents the gas production (mL) of 0.2 g DM substrate at time t; b represents
the asymptotic gas production (mL) of 0.2 g DM substrate; c represents the rate of gas
production per hour.

2.3.2. Fermentation Parameters

NH3-N concentration was determined by using the method outlined by Broderick
et al. [20]. The concentration of VFA was determined by using gas chromatography
(GC3420, Beijing Analytical Instrument Factory, Beijing, China) with the following in-
strument conditions: flame ionization detector (FID), PEG-20M + H3PO4 glass packed
column (2 m × 6 mm × 2 mm), column temperature 145 ◦C, the detector temperature was
200 ◦C, the injector temperature was 200 ◦C, the carrier gas was nitrogen, the flow rate was
30 mL/min, and the injection volume was 0.6 µL.

2.3.3. DNA Extraction and Illumina Sequencing of Archaeal and Bacterial 16S rRNA Genes

A 16S rRNA gene sequence library using a two-step PCR protocol was generated
according to the manufacturer’s instructions. In total, 16S of fermentation liquid samples
(n = 6) of each treatment after 72 h of fermentation using PCR universal bacterial and ar-
chaeal primers 515-F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806-R (5′-GGACTACVSGG
GTATCTAAT-3′) rRNA targets the V3-V4 region. PCR was performed using the KAPA
HiFiHotstart PCR kit with high-fidelity enzymes. PCR products were then extracted from
2% agarose gels and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Bio-
sciences, Union City, CA, USA) and QuantiFluor-st (Promega, Madison, WI, USA). The
resulting purified PCR products were then pooled and subjected to paired-end sequencing
(2 × 250 bp) on the Illumina MiSeq platform according to standard protocols. QIIME (ver-
sion 1.17) was used for demultiplexing and quality filtering of raw fastq files. Regarding
overlap, only sequences overlapping more than 10 bp were assembled. UPARSE was used
to classify operational taxonomic units (OTUs) with a similarity of 97%. Then, we used
UCHIME to identify and remove chimeric sequences. Based on taxonomic analysis [21],
the RDP classifier using the RDP OTU database (https://rdp.cme.msu.edu/ accessed on
5 April 2023) had a confidence level of 80%, and the relative abundance of bacteria was
expressed as percentage [22,23]. A representative sequence was selected from each OTU
based on its abundance. Rarefaction curve and alpha diversity indices were developed
using these OTUs, including abundance-based coverage estimator (ACE), Chao 1, Shannon,
and Simpson estimators. To identify changes in the microbial population structure, the
jackknifed beta diversity was visualized through Principal Component Analysis (PCA)
using the UnscramblerX program (CAMO Software Inc. in Woodbridge, NJ, USA).

2.4. Statistical Analysis

All data except microorganisms were analyzed as a 2 × 2 factorial design using the
GLM program of SAS 9.4 (SAS Institute Inc., Cary, NC, USA). The fixed effects included
incubation temperature, CaP, and their interaction. The least squares mean of all treatments
were exported and compared using SAS’s PDIFF (Tukey-adjusted) and STDERR options.
Linear discriminant analysis of effect size (LEfSe) was performed using the Kruskal–Wallis
rank sum test to analyze differences in the bacterial and archaeal microbiota abundance of
fermentation liquid. Linear discriminant analysis (LDA) scores (threshold≥ 3) were used to
indicate effect size. Correlation analysis between fermentation parameters and the relative
abundance of bacterial genus-level composition and gas composition and archaeal-level

https://rdp.cme.msu.edu/
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composition was carried out by using the Spearman method. Results were expressed as
least squares mean ± standard error of the mean (SEM). p ≤ 0.05 was used as the criterion
for statistical significance, and 0.05 < p ≤ 0.10 was used as a significant trend.

3. Results
3.1. Fermentation Parameters

The concentrations of NH3-N, propionate, butyrate, isobutyrate, valerate, isovalerate,
and total volatile fatty acid salts were significantly reduced (p < 0.05) by ITS (Table 2).
The addition of CaP resulted in a significant decrease in the acetate to propionate ratio
(p = 0.01) and showed a tendency to increase the concentration of total VFA (p = 0.05)
compared to the CaP-free group. Compared to the constant temperature of 39 ◦C, the
ratio of acetate to propionate in the fermentation liquid significantly increased due to ITS
(p = 0.02). Moreover, the concentrations of NH3-N, butyrate, isobutyrate, valerate, and
isovalerate were significantly affected by the interactive effects of incubation temperature
and CaP (p < 0.05).

Table 2. Effects of incubation temperature and calcium propionate supplementation on fermentation
parameters in vitro.

Items CT CTP TS TSP SEM
p-Value

T P T × P

pH 6.62 b 6.68 b 6.69 b 6.81 a 0.03 0.06 0.08 0.13
NH3-N (mmol/L) 62.78 a 59.16 b 51.23 c 53.33 c 1.08 <0.01 0.49 0.02
Acetate (mmol/L) 74.83 76.73 70.85 74.28 3.43 0.36 0.45 0.83

Propionate (mmol/L) 23.71 a 26.55 a 17.91 b 24.24 a 0.98 <0.01 <0.01 0.10
Acetate:propionate 3.15 ab 2.90 b 4.04 a 3.11 b 0.22 0.02 0.01 0.15

Isobutyrate (mmol/L) 1.84 a 1.68 bc 1.56 c 1.73 ab 0.04 0.01 0.90 <0.01
Butyrate (mmol/L) 15.43 a 14.09 a 11.43 b 14.35 a 0.63 0.01 0.23 <0.01

Iso-valerate (mmol/L) 4.69 a 4.29 a 3.66 b 4.27 a 0.16 <0.01 0.52 <0.01
Valerate (mmol/L) 1.97 a 1.91 a 1.48 b 1.90 a 0.08 <0.01 0.04 0.01

Total volatile fatty acid (mmol/L) 122 a 125 a 106 b 120 a 3.97 0.02 0.05 0.18

CT: incubated at 39 ◦C constant temperature; CTP: incubated at 39 ◦C constant temperature and addition of 2.5%
CaP in substrate; TS: incubation temperature shift periodically; TSP: incubation temperature shift periodically
and addition of 2.5% CaP in substrate; T: incubation temperature factor; P: CaP factor; T × P: interaction between
incubation temperature and CaP factors; a,b,c: Different superscripts mean significant differences in the indicators
among groups (p < 0.05).

3.2. Gas Production
3.2.1. Cumulative Gas Production

ITS significantly decreased (p < 0.05) the cumulative gas production of 0.2 g DM
substrate at incubation times of 12, 24, 48, and 72 h (Figure 1) and also had more of an impact
on the asymptotic gas production per 0.2 g DM substrate and the rate of gas production per
hour (Figure 2) compared to CT treatments. The addition of CaP significantly increased gas
production at 72 h (p = 0.04), the asymptotic gas production per 0.2 g DM substrate (p = 0.04),
and the rate of gas production per hour (p = 0.04) compared to the CaP-free groups.
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3.2.2. CH4 and CO2 Production 

ITS significantly reduced (p < 0.01) the CH4 concentration and production at 12 h and 

72 h, and significantly reduced the CO2 concentration in the total gas at 12 h (p < 0.05) 

compared with the constant temperature of 39 °C (Figure 3). However, the concentration 

Figure 1. Effects of incubation temperature and calcium propionate (CaP) supplementation on gas
production in vitro fermentation of 0.2 g DM substrate at different timestamps. CT: incubated at
39 ◦C constant temperature; CTP: incubated at 39 ◦C constant temperature and addition of 2.5%
CaP in substrate; TS: incubation temperature shift periodically; TSP: incubation temperature shift
periodically and addition of 2.5% CaP in substrate; T: incubation temperature factor; P: CaP factor;
T × P: interaction between incubation temperature and CaP factors; a,b,c: Different superscripts mean
significant differences in the indicators among groups (p < 0.05).
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Figure 2. Effects of incubation temperature and calcium propionate supplementation on the asymp-
totic gas production per 0.2 g DM substrate (A) and the rate of gas production per hour (B) in vitro
fermentation. CT: incubated at 39 ◦C constant temperature; CTP: incubated at 39 ◦C constant tem-
perature and addition of 2.5% CaP in substrate; TS: incubation temperature shift periodically; TSP:
incubation temperature shift periodically and addition of 2.5% CaP in substrate; T: incubation tem-
perature factor; P: CaP factor; T × P: interaction between incubation temperature and CaP factors;
a,b: Different superscripts mean significant differences in the indicators among groups (p < 0.05).

3.2.2. CH4 and CO2 Production

ITS significantly reduced (p < 0.01) the CH4 concentration and production at 12 h and
72 h, and significantly reduced the CO2 concentration in the total gas at 12 h (p < 0.05)
compared with the constant temperature of 39 ◦C (Figure 3). However, the concentration
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(p = 0.07) and yield (p = 0.37) of CH4 and the concentration (p = 0.95) and yield (p = 0.39) of
CO2 at 72 h were not affected by the addition of CaP.
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Figure 3. Effects of incubation temperature and calcium propionate supplementation on CH4 concen-
tration (A), yield (B) and CO2 concentration (C) and yield (D) in vitro fermentation. CT: incubated
at 39 ◦C constant temperature; CTP: incubated at 39 ◦C constant temperature and addition of 2.5%
CaP in substrate; TS: incubation temperature shift periodically; TSP: incubation temperature shift
periodically and addition of 2.5% CaP in substrate; T: incubation temperature factor; P: CaP factor;
T × P: interaction between incubation temperature and CaP factors; a,b,c: Different superscripts
means significant differences in the indicators among groups (p < 0.05).

3.3. Bacterial and Archaeal Diversity Analysis

ITS or CaP significantly reduced the Sobs index of the archaea after 72 h of fermentation
(p < 0.01) compared with the constant temperature of 39 ◦C or the CaP free group (Table 3).
The PCA analysis of the fermentation liquid flora showed that the ITS led to a significant
separation of the bacterial principal components of the samples, while no significant
distinction was found between the archaeal principal components (Figure 4A,B).
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Table 3. Effects of incubation temperature and calcium propionate supplementation on bacteria (A)
and archaea (B) α-diversity in vitro.

Items CT CTP TS TSP SEM
p-Value

T P T × P

Bacterial
Sobs 1474 1486 1509 1444 32.81 0.44 0.91 0.26

Shannon 5.74 5.71 5.86 5.74 0.05 0.15 0.15 0.36
Simpson 0.013 0.011 0.010 0.010 0.00 0.74 0.32 0.72

Ace 1869 1849 1887 1821 34.40 0.24 0.89 0.52
Chao 1862 1834 1892 1820 35.92 0.18 0.94 0.55

Archaeal
Sobs 75.17 a 71.17 bc 72.00 b 68.83 c 0.82 <0.01 <0.01 0.62

Shannon 2.225 2.199 2.272 2.182 0.05 0.29 0.79 0.56
Simpson 0.241 0.243 0.212 0.237 0.02 0.43 0.30 0.49

Ace 79.21 76.20 78.30 80.85 2.07 0.91 0.38 0.20
Chao 79.77 75.09 77.15 79.58 2.35 0.64 0.70 0.15

CT: incubated at 39 ◦C constant temperature; CTP: incubated at 39 ◦C constant temperature and addition of 2.5%
CaP in substrate; TS: incubation temperature shift periodically; TSP: incubation temperature shift periodically
and addition of 2.5% CaP in substrate; T: incubation temperature factor; P: CaP factor; T × P: interaction between
incubation temperature and CaP factors; a,b,c: Different superscripts mean significant differences in the indicators
among groups (p < 0.05).
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Figure 4. Principal component analysis (PCA) at the OTU level of fermentation liquid bacterial
(A) or archaeal (B). Different ellipses indicate different treatments. CT: incubated at 39 ◦C constant
temperature; CTP: incubated at 39 ◦C constant temperature and addition of 2.5% CaP in substrate;
TS: incubation temperature shift periodically; TSP: incubation temperature shift periodically and
addition of 2.5% CaP in substrate.

3.4. Microflora Composition of Bacteria and Archaea

ITS decreased (p < 0.05) the relative abundance of Firmicutes phylum, Bacillus, Ru-
minococcaceae, Methanomicrobiales, and Archaea genus while increasing (p < 0.05) the relative
abundance of Bacteroidota phylum and F082 genus (Table 4). The addition of CaP sig-
nificantly increased (p < 0.05) the relative abundance of Firmicutes and Actinobacteriota
phylum and the Ruminococcus genus, but significantly decreased (p < 0.05) the relative
abundance of Prevotella, Prevotellaceae_UCG-003, Prevotellaceae_UCG-004, and the Archaea
genus. ITS and CaP had a tendency to significantly affect the relative abundance of the
Prevotellaceae_UCG-001 genus (p = 0.05).
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Table 4. Effects of incubation temperature and calcium propionate supplementation on microbial
relative abundance.

Items CT CTP TS TSP SEM
p-Value

T P T × P

Phylum level of Bacteria
Firmicutes 54.58 a 59.72 a 45.91 b 54.13 a 1.789 <0.01 <0.01 0.40

Bacteroidota 34.82 b 33.12 b 42.26 a 37.94 ab 1.548 <0.01 0.07 0.41
Proteobacteria 4.19 1.30 5.33 1.36 1.648 0.72 0.06 0.75

Actinobacteriota 1.22 b 1.58 b 1.39 b 2.21 a 0.211 0.08 0.01 0.29
Genus level of Bacteria

Rikenellaceae_RC9 15.21 14.42 14.87 16.82 1.106 0.37 0.61 0.24
F082 7.77 b 7.54 b 11.34 a 10.77 a 0.554 <0.01 0.49 0.77

Succiniclasticum 5.02 7.04 4.95 7.74 1.529 0.84 0.14 0.80
Muribaculaceae 4.16 5.77 4.99 4.90 1.174 0.99 0.53 0.48

NK4A214 4.90 4.94 4.38 5.24 0.301 0.73 0.16 0.20
Lachnospiraceae_NK3A20 5.20 4.63 4.14 4.94 0.393 0.35 0.77 0.10
Christensenellaceae_R-7 4.52 5.15 3.88 4.43 0.482 0.18 0.24 0.93

Prevotella 1.74 b 1.08 b 3.33 a 1.18 b 0.458 0.09 <0.01 0.13
Bacillus 2.29 3.04 0.41 0.15 0.969 0.03 0.80 0.61

Bacteroidales_BS11 1.08 0.81 1.03 0.87 0.085 0.97 0.03 0.51
Ruminococcaceae 0.80 a 0.95 a 0.65 b 0.66 b 0.076 0.01 0.31 0.36

Prevotellaceae_UCG-001 0.59 ab 0.52 ab 1.03 a 0.34 b 0.144 0.37 0.02 0.05
Ruminococcus 0.47 b 0.52 ab 0.48 b 0.74 a 0.065 0.11 0.04 0.13

Prevotellaceae_UCG-003 0.53 ab 0.30 b 1.04 a 0.37 b 0.176 0.12 0.02 0.23
Prevotellaceae_UCG-004 0.54 0.37 0.78 0.39 0.111 0.26 0.02 0.33

Butyrivibrio 0.34 0.49 0.41 0.50 0.091 0.69 0.20 0.77
Lachnospiraceae_UCG-008 0.32 0.49 0.23 0.29 0.07 0.06 0.13 0.47
Phylum level of Archaea

norank_d_Bacteria 91.61 92.33 92.86 92.37 0.445 0.17 0.80 0.91
Euryarchaeota 6.61 6.21 5.68 6.58 0.416 0.51 0.57 0.14

unclassified_d_Unclassified 1.11 1.01 1.01 0.84 0.101 0.20 0.23 0.73
Genus level of Archaea

Bacteria 91.61 92.33 92.86 92.37 0.445 0.17 0.80 0.20
Methanosphaera 3.88 3.92 3.76 5.01 0.33 0.16 0.07 0.09

Methanobrevibacter 1.63 1.56 1.59 1.40 0.206 0.64 0.53 0.77
Methanomicrobiales 0.81 a 0.53 ab 0.31 b 0.16 b 0.108 <0.01 0.06 0.58

Archaea 0.63 a 0.41 ab 0.41 ab 0.19 b 0.095 0.04 0.04 0.99

CT: incubated at 39 ◦C constant temperature; CTP: incubated at 39 ◦C constant temperature and addition of 2.5%
CaP in substrate; TS: incubation temperature shift periodically; TSP: incubation temperature shift periodically
and addition of 2.5% CaP in substrate; T: incubation temperature factor; P: CaP factor; T × P: interaction between
incubation temperature and CaP factors; a,b: Different superscripts means significant differences in the indicators
among groups (p < 0.05).

3.5. Spearman Correlation Analysis of the Top 50 Bacteria or Top 12 Archaea Genus with Gas
Production, Fermentation Parameters, and CH4 Production

According to Spearman correlation analysis (Figure 5), the total gas production at 72 h
(GP-72 h), the asymptotic gas production per 0.2 g DM substrate (B), acetate, propionate,
and total VFA were significantly positively related to Lachnospiraceae_UCG-008 (r > 0.41,
p < 0.05). Prevotella was significantly positively correlated with propionate and pH at
72 h (pH-72 h) (r > 0.42, p < 0.05) and significantly negatively correlated with valerate,
the ratio of acetate to propionate, and total VFA (r < −0.48, p < 0.05). Ruminococcus was
significantly negatively correlated with propionate and pH-72 h (r < −0.43, p < 0.05). Ad-
ditionally, butyrate, valerate, and isovalerate were all significantly positively correlated
with Lachnospiraceae_NK3A20 and NK4A214 (r > 0.44, p < 0.05). NH3-N was significantly
positively correlated with UCG-010 (r = 0.64, p < 0.01) and significantly negatively corre-
lated with F082 (r = −0.62, p < 0.01). In terms of greenhouse gas emissions (Figure 5B),
the total production of CH4 after 72 h (CH4-72 h) was significantly positively correlated
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with Methanosarcina, Thermoplasmata, Methanomicrobiales, Archaea, and Methanomicrobiales
(r > 0.45, p < 0.05), while being significantly negatively correlated with Methanomicrobiales
(r = −0.46, p < 0.05). In addition, the total CO2 production after 72 h (CO2-72 h) was highly
significantly positively correlated with Methanosarcina (r = 0.64, p < 0.01).
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R values are displayed in different colors in the figure, and the legend on the right is the color
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pH value at 72 h of fermentation; CH4-72 h: CH4 production at 72 h of fermentation; CO2-72 h: CO2

production at 72 h of fermentation.

4. Discussion

In vitro gas production is a crucial indicator used for assessing the rumen fermen-
tation status in ruminants, which can effectively reflect the fermentative activities of the
rumen microorganisms and the extent of diet degradation [24,25]. Our research revealed
that gas production significantly decreased due to ITS, suggesting that the reduction in
culture temperature may lead to the inhibition of microbial activity and digestive enzyme
function in the fermentation liquid, thereby reducing the digestibility of in vitro fermen-
tation [6,9,26]. Consistent with our findings, Petersen et al. [12] found that, compared
with the constant temperature of 39 ◦C, a 4 ◦C decrease in incubation temperature causes
a significant decrease in gas production at 48 h of in vitro fermentation, and the disap-
pearance rate of NDF was reduced by more than 15%. Furthermore, our study revealed a
significant decrease in VFA production when the culture temperature was changed. VFAs
are important indicators of feed degradation, and the reduction in VFA production suggests
a substantial impact on the fermentative breakdown of nutrients in the substrate. This effect
may be attributed to the optimal adhesion of rumen microorganisms to fibrous substrates at
approximately 38 ◦C [27]. The decline in VFA production observed at lower temperatures
might be attributed to the decrease in microbial adhesion caused by the low temperature
conditions. However, Cunningham et al. [28] reported that no discernible impact on diges-
tion was found when cows drank cold water (1.1 ◦C) compared to warm water (39.4 ◦C).
Brod et al. [29] reported that water temperature (0, 10, 20, or, 30 ◦C) had no effect on the
digestibility of rumen crude fiber and crude protein (CP) in sheep; however, the lowest
digestion coefficients were observed for the 0 ◦C treatment. The disparity between the
in vivo and in vitro tests may be due to the fact that the rumen temperature recovery was
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faster in vivo than in vitro, and the duration of the low temperature was not long enough
to cause a decrease in the digestibility of nutrients.

Interestingly, we found that the addition of 2.5% CaP increased gas production and
VFA production, indicating that the addition of CaP could alleviate the severity of the
decrease in fermentation caused by ITS. The higher concentrations of propionate and total
VFA in the CaP supplemented groups might be due to exogenous CaP addition rather than
just an increase in rumen fermentation yield, whereas the increase in gas production and
valerate concentration might be related to the improvement of rumen fermentation function
and feed digestibility by adding CaP. Liu et al. [17] found that, with the dietary addition of
CaP, the total digestive tract digestibility of organic matter (OM), neutral detergent fiber
(NDF), and CP of beef cattle increased linearly or quadratically. They concluded that CaP
stimulated microorganisms or digestive enzymes in a dose-dependent manner. This aligns
with a study by Sheperd and Combs [30], who reported that, compared with control cows,
the digestibility of DM, OM, NDF, acid detergent fiber (ADF) increased by 8.3%, 8.0%,
19.4%, and 20.4%, respectively, in cows undergoing propionate infusion. In addition, our
study found that the addition of CaP to the substrate significantly increased the abundance
of Ruminococcus in rumen fluid, which was consistent with a study by Zhang et al. [31], who
found that supplementing dairy cows with different doses of CaP (0, 200, 350, and 500 g CaP
for each cow per day) linearly increased the rectal microbiome of Ruminococcus abundance.
Members of the Ruminococcus family have been found to contribute to fiber metabolism [32].
Therefore, the addition of CaP might improve fiber digestibility by increasing the relative
abundance of Ruminococcus, thereby increasing gas and VFA production and alleviating
the inhibition of the in vitro fermentation caused by ITS.

Methanogenic archaea in the rumen play a key role in CH4 production by converting
hydrogen and carbon dioxide into CH4 [32]. We observed a significant positive correlation
between CH4 production and the abundance of specific archaeal genera, namely Methanomi-
crobiales, Methanomicrobiales, and Methanosarcina, after 72 h of fermentation. Interestingly,
the ITS condition resulted in a notable reduction in the abundance of Methanomicrobiales
and Archaea in the fermentation liquid. This suggested that the decrease in CH4 produc-
tion could be attributed to the lower abundance or activity of CH4-producing archaea in
the rumen, potentially due to the impact of ITS. In alignment with our findings, Duarte
et al. [9] reported that reducing the fermentation temperature from 39 ◦C to 35 ◦C caused
a 43% reduction in CH4 production and significantly reduced the diversity and richness
of archaea and bacteria in the in vitro fermentation liquid. However, Antanaitis et al. [33]
reached a different conclusion. They found that the CH4 production of dairy cows did not
significantly correlate with rumen temperature, though it did show a positively correlation
with rumen pH. Likewise, Bhatta et al. [34] also showed that a slight increase in temperature
(39 ◦C vs. 41 ◦C) did not have any statistical differences regarding CH4 production by
in vitro fermentation. Many publications have investigated the effect of rumen temperature
on CH4 production, and findings have indicated that the variation magnitude of incubation
temperature and the duration at different temperatures may be key factors influencing the
different results for CH4 production. Periodic drops in the incubation temperature of 9 ◦C
every 4 h for 2 h under our experimental conditions had an inhibitory effect on the relative
abundance of CH4-producing archaea and significantly decreased CH4 production.

Bacteria and archaea were the main microorganisms in the rumen, playing a signif-
icant role in the degradation of plant carbohydrates into VFAs [35] and the generation
of CH4 [36], respectively. In our study, we observed that ITS had a significant impact
on rumen archaea α-diversity and the distinct differentiation of the bacterial principal
components, indicating that incubation temperature had a more pronounced effect on
the structure and diversity of microbial colonies. Similar results were found by Duarte
et al. [9], who reported that in vitro incubation at 35 ◦C for 7 days decreased the diversity
and richness of bacteria and archaea in fermentation liquid. In our study, ITS or adding
2.5% CaP led to a decrease in the relative abundance of Firmicutes and an increase in the
relative abundance of Bacteroidetes in fermentation liquid. For herbivores, Firmicutes
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were involved in the degradation of cellulose, which was crucial for the nutritional and
energy intake of herbivores [37]. In addition, most members of the Firmicutes phylum were
regarded as beneficial gut bacteria that positively regulate gut health homeostasis, disease
resistance, and growth performance [38,39]. Moreover, the addition of CaP increased the
proportion of concentrate in the substrate, which may also justify the increase in the propor-
tion of Firmicutes and the decrease in the proportion of Bacteroidetes [40,41]. Surprisingly,
the addition of CaP to the substrate significantly decreased the relative abundance of the
genera Prevotella, Prevotellaceae_UCG-003, and Prevotellaceae_UCG-004 in the fermentation
liquid. This resulted contrasted with our in vivo tests, which found no significant effect
on the relative abundance of Prevotella in both fattening bulls and lactating cows [42,43].
This discrepancy might be related to the essential difference between in vivo and in vitro
tests. Prevotella mainly degrade non-structural carbohydrates and promote propionate
production through gluconeogenesis [44,45], while the addition of exogenous CaP increases
the concentration of propionate in fermentation liquid. Previous studies have indicated
that the dietary addition of 100 g/d calcium propionate did not significantly increase
the concentration of propionate in the rumen, possibly due to its reduction in dry matter
intake and consequent decrease in fermentative propionate production [46]. Furthermore,
elevated propionate concentrations have been shown to enhance the absorption capacity of
VFA in the rumen [47]. The decrease in endogenous propionate production and the acceler-
ated absorption can counterbalance the supplementation of exogenous propionate, thereby
maintaining a relatively constant concentration of propionate in the rumen. However,
in vitro fermentation does not involve changes in VFA absorption or dry matter intake, the
excessive accumulation of propionate in the fermentation broth may potentially suppress
the relative abundance of fermentative propionate-producing bacteria, such as the Prevotella
genus [43].

5. Conclusions

In summary, our study found that the shift in incubation temperature (39 ◦C for 4 h
followed by 30 ◦C for 2 h, periodically) negatively affected various in vitro fermentation
parameters. However, the addition of 2.5% CaP showed promise in mitigating these ef-
fects by increasing gas production, propionate, and total volatile fatty acid concentrations.
Moreover, CaP supplementation positively influenced microbial composition. These find-
ings suggest the potential of CaP supplementation as a strategy to alleviate the adverse
effects of cold water intake on rumen fermentation and microbial balance in beef cattle.
Further investigation is needed to explore the practical application of CaP supplementation
in in vivo experiments, particularly in assessing its impact on rumen metabolism and
microbial composition under cold conditions.
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