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Abstract: This study aimed to explore the dynamic variations in fermentation characteristics, bacte-
rial diversity and community composition at two preservation temperatures as preservation time
extended. Six rumen fluid samples collected from high-grain feeding sheep were stored at −20 ◦C
or −80 ◦C for 0 day, 7 days, 14 days, 30 days, 60 days, 120 days, and 240 days. The results showed
that the current preservation temperature did not alter the fermentation characteristics, bacterial
diversity and community composition (p > 0.05). The concentrations of ammonia, microbial crude
protein, acetate, propionate, butyrate, valerate, and total volatile fatty acids were higher when stored
at 60 days (p < 0.05). Preservation time had no influence on bacterial richness and evenness (p > 0.05),
whilst the relative abundances of Bacteroidota and Prevotella were numerically higher when stored at
30 days, and the opposite results were observed regarding Firmicutes. Both principal co-ordinates
analysis (PCoA) and non-metric multidimensional scaling (NMDS) showed clusters among treat-
ments in terms of preservation time and preservation temperature. Analysis of similarities (ANOSIM)
also revealed similarities between treatments (p > 0.05). This study indicates that most fermentation
characteristics in rumen fluid were altered after a 60-day preservation, whilst the preservation time
for rumen bacterial community profile alteration was 30 days. It is recommended to finish the sample
determination of rumen fluid within 30 days. This study may assist decision-making regarding the
practicable time for rumen fluid determination, as well as viable preservation conditions for inoculum
used for in vitro fermentation testing.

Keywords: bacterial community composition; fermentation characteristic; preservation temperature;
preservation time; rumen fluid

1. Introduction

Rumen fluid is of unique importance to ruminant nutritional research, due to its
vital role as indicator of dietary impact on rumen fermentation characteristics and animal
health, as well as the recommended inoculum for in vitro fermentation testing to evaluate
the nutritional value of certain feeds. Current rumen fluid collection generally requires
invasiveness to animals with rumen fistula or esophageal tubes [1]. The application of
the former is restricted by its high maintenance cost and the latter is not suitable for
reduplicative sampling due to laborious immobilization [2]. These disadvantages have
urged researchers to turn to obtaining rumen fluid from abattoirs where animals are
sacrificed. However, the slaughterhouse may be located far from the laboratory and long-
distance transportation of rumen fluid becomes an unavoidable routine. Therefore, a viable
preservation method for rumen fluid appears to be particularly important.
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Several methods for the preservation of rumen fluid have been exploited to improve
its viability as inoculum for in vitro fermentation testing. The core pursuit of rumen fluid
preservation is to retain adequate quality (e.g., microbial activity, physicochemical property)
for routine in vitro incubation and subsequently provide reliable assessment of various
feedstuffs [3]. For this purpose, an optimized strategy for rumen fluid preservation has
focused on anaerobic environment, proper temperature, cryoprotectants, and freeze-drying.
Proper temperature storage, such as refrigerating at 4 ◦C or on crushed ice, freezing at
−20 ◦C or −80 ◦C or liquid nitrogen, has shown to be a feasible preservation technique
in adopting rumen fluid as inoculum for subsequent in vitro fermentation testing, whilst
the appropriate storage time varied with temperature [3–6]. Moreover, inconsistent results
were also reported in terms of freeze and freeze-drying of rumen fluid, mainly due to
decreased in vitro degradation of feeds [7,8]. Glycerol and dimethyl sulfoxide are two
widely used cryoprotectants in the preservation of rumen fluid, and their addition had
positive effect on gas production and volatile fatty acid (VFA) production [3,5]. In addition
to the above mentioned methods, Fortina et al. [9] found that rumen fluid could retain
its fermentative activity for feed digestibility evaluation for as long as 300 min when the
rumen fluid was kept at 40 ◦C, on the premise of anaerobic conditions. Jones et al. [10]
also revealed that preserving rumen fluid at 18 ◦C for up to 48 h was viable for in vitro
digestibility evaluation. These studies indicate that the feasibility of preserved rumen
fluid as inoculum for in vitro incubation may vary with both storage temperature and
storage time.

Dynamic variations in physicochemical properties and microbial activity of rumen
fluid under short-term preservation were also investigated. Fabro et al. [2] found similar
pH value and VFA concentration when rumen fluid was stored at 4 ◦C for up to 96 h, whilst
prominent differences were observed in the concentration of NH3-N when the storage
time exceeded 48 h. Such higher ammonia concentration was also reported in rumen fluid
refrozen and thawed twice at 65 d [11]. Dehority et al. [12] reported that the total viable
bacterial number and colony counts were comparable when rumen fluid was preserved
at 0 ◦C for 8 h. Martin et al. [13] examined the physicochemical properties and micro-
biological viabilities of rumen fluid during a 24-h storage at temperatures varying from
−18 ◦C to 38 ◦C, and found that storage at 38 ◦C for up to 9 h or 2 h at ambient temperature
showed similar properties and viabilities with fresh rumen fluid. Rumen fluid stored at
4 ◦C for 7 days still retained high fibrolytic activity and provided adequate organic carbon
as substrate for methane fermentation of wastepaper [14]. However, decreased microbial
activity was observed when fresh rumen fluid was defrosted or lyophilized [15]. Moreover,
Fliegerova et al. [16] revealed that rumen fluid preserved at room temperature and −80 ◦C
did not show significant differences on the sample clustering and quantification of Firmi-
cutes and Bacteroidetes. These results suggest that the fermentation characteristics and
microbial properties of rumen fluid may be influenced by both preservation temperature
and preservation time.

In practice, there may be prolonged within-year time delays between rumen fluid
collection and initiation of laboratory determination. To the best of our knowledge, no
information was available on the fermentation characteristics and bacterial community of
rumen fluid preserved as long as 240 d. In this study, the dynamic variations of fermentation
characteristics, bacterial diversity and community composition of rumen fluid, preserved at
−20 ◦C and−80 ◦C during a 240-d process, were investigated to provide recommendations
for the feasible determination time for rumen fluid. It was hypothesized that both storage
time and storage temperature would influence the aforementioned indicators.
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2. Materials and Methods
2.1. Rumen Fluid Preparation

Animal care and welfare guidelines were provided by the Committee for the Care and
Use of Experimental Animals at Jiangxi Agricultural University under protocol number
JXAULL−2021036. Rumen fluid was obtained from six sheep fed on a high-grain diet
with concentrate to forage ratio of 70:30 for three months. The diet consists of 30.00%
peanut straw, 49.38% corn, 1.82% wheat bran, 14.40% soybean meal, 0.15% CaHPO4,
0.25% NaHCO3, 0.50% NaCl, and 3.50% premix, providing 14.66% of crude protein and
10.84 MJ/kg of metabolizable energy. Six Hu sheep (body weight 36.13 ± 1.66 kg) were
transported to the slaughterhouse after a 12-h fast. Ruminal content was collected from
dorsal, central, and ventral sites immediately after the rumen was separated to improve
representativeness, as suggested by Mulder et al. [17], and contents from three sites were
evenly pooled into one sample for each sheep. Rumen fluid was obtained by filtering
through four layers of gauze, and was divided into dozens of frozen storage tubes.

2.2. Preservation Treatment

Fresh rumen fluid obtained at slaughter was designated as day 0 (D0), and fermen-
tation characteristics determination and DNA extraction were concluded on that day
without delay. Other fresh rumen fluid in individual tubes was frozen at −80 ◦C and
−20 ◦C for 7 days (D7), 14 days (D14), 30 days (D30), 60 days (D60), 120 days (D120),
and 240 days (D240), respectively. The selected preservation temperatures are the two
typical freezing temperatures in routine laboratory conditions, and were reported to be
the two best-performing temperatures regarding in vitro fermentation characteristics [18].
The frozen rumen fluid at each time point was thawed at 0 ◦C and the temperature was
increased gradually (0.33 ◦C/min) to 39 ◦C in a water bath after thawing to minimize the
temperature shock [3]. All fermentation characteristics determination and DNA extraction
were concluded on that day by the same laboratory technicians, with a specific technician
for a certain parameter operation throughout the experiment.

2.3. Parameter Determination

The pH value at D0 was measured immediately the rumen was taken out, and pH
value of the following time points were determined after thawing; all measurements were
made by means of a portable pH meter (Testo 206, Testo AG, Schwarzwald, Germany). The
concentrations of ammoniacal nitrogen (NH3-N) and microbial crude protein (MCP) were
determined using the methods of phenol-hypochlorite reaction [19] and improved Lowry’s
assay [20], respectively. The evaluated VFA in this study included acetate, propionate,
isobutyrate, butyrate, isovalerate, and valerate, with the sum of isobutyrate, isovalerate, and
valerate defined as branched-chain volatile fatty acids (BCVFA). The individual component
of VFA was identified according to the relative retention time and its concentration was
quantified referring to the standard curve, which was conducted under the same operational
program and parameter setting. The determination was performed on a gas chromatograph
(GC-2014 Shimadzu Corporation, Kyoto, Japan) using scheduled procedures and parameter
settings as described in Qiu et al. [21].

The DNA of rumen fluid was extracted using a bacterial DNA Kit (OMEGA, Omega
Bio-Tek, Norcross, GA, USA) with the two-step method of bead-beating for pretreatment [1].
The integrity and concentration of extracted DNA was evaluated on 1% agarose gels and
a spectrophotometer (NanoDrop 2000 Technologies Inc., Wilmington, DE, USA), respec-
tively. A total of 54 examples of high-purity and high-quality DNA were delivered to
Allwegene Gene Technology Co., LTD (Nanjing, China) for subsequent amplification
and sequencing. The V3-V4 region was selected as the target region for amplification to
reveal the bacterial diversity and bacterial community, with the barcoded primers accord-
ing to Wei et al. [22] as follows: 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R
(5′-GGACTACNNGGGTATCTAAT-3′). The amplification procedure and its reaction sys-
tem were the same as described in Qiu et al. [21]. PCR products were used to construct
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microbial diversity sequencing libraries after checking on a 1% agarose gel and purifying
by Agencourt AMPure XP Kits (Beckman, Brea, CA, USA). High throughput sequencing
was obtained by means of Illumina Miseq PE300 platform with the form of paired-end
reads. The raw data were analyzed using QIIME 2 (https://qiime2.org/, accessed on
30 December 2022; [23]). The criteria of data filtration were according to Wei et al. [22],
which allowed sequence lengths of between 250 bp and 500 bp and a quality score greater
than 20, as well as removing sequences with ambiguous bases or those mismatched to
primers and barcodes. The filtered sequences were merged into tags by Paired-End reAd
mergeR (PEAR, version 0.9.6, [24]), where the minimum overlap was set to 10 bp, and
allowed a maximum mismatch rate of 0.10. High-quality tags were denoised into ampli-
con sequence variants (ASVs) using the Deblur algorithm of QIIME 2. The Ribosomal
Database Project (RDP) Classifier tool was used for taxonomic classifications with the
confidence threshold of 70%, where the bacterial SILVA 138 was adopted as the reference
database. Alpha diversity metrics, including Chao 1, observed species, phylogenetic diver-
sity (PD) whole tree, Shannon index, and Simpson index, were introduced to demonstrate
the richness and evenness of rumen fluid at various preservation times and preservation
temperatures on the basis of ASV information. Alpha diversity metrics were calculated us-
ing the Mothur software package (version 1.46.0, Patrick Schloss, Ann Arbor, MI, USA) [25].
Principal coordinates analysis (PCoA) and non-metric multidimensional scaling (NMDS)
were carried out to reveal the differences among different preservation times and preser-
vation temperatures based on Bray–Curtis distances. Moreover, analysis of similarity
(ANOSIM) was performed to uncover the similarities among different preservation times
and preservation temperatures, adopting the vegan package in the R software (version
4.0.2, Lucent Technologies, Murray Hill, NJ, USA). It is worth noting that rumen fluids at
day 7, 14, 30, and 60 were equally and evenly mixed from sample 1 and sample 6, sample
2 and sample 5, sample 3 and sample 4. Therefore, only six samples at these time points
were used for the subsequent DNA extraction and sequencing.

2.4. Statistical Analyses

Data of fermentation characteristics were analyzed as a repeated measures design in
the Mixed Models procedure of SPSS (version 21, IBM Corporation, Armonk, NY, USA) with
first-order autoregressive covariance structure. The statistical model is shown as follows:

Yijt = µ + Ti + Dt + Sj + (TD)it + eijt

where Yijt is the continuous dependent parameter determined at preservation time t on the
jth sheep at the ith temperature, µ is the overall mean, Ti is the fixed effect of preservation
temperature (i = −80 ◦C, −20 ◦C), Dt is the fixed effect of preservation time (t = 0, 7, 14,
30, 60, 120, 240 days), Sj is the random effect of the jth sheep, (TD)it is the interaction effect
between preservation temperature and preservation time, and eijt is the random error in
the jth sheep stored at the ith temperature on preservation time t.

The Mixed Models procedure of SPSS was taken to analyze the rumen bacterial
community data, due to asymmetric number of samples at each time point. The statistical
model is expressed as described above.

For all statistical analyses, significance was declared at 0.05 (p < 0.05). Simple (first)
contrasts of SPSS were performed to show the differences between refrigerated rumen
fluid at certain time points and fresh rumen fluid, as well as to search for the allowable
preservation time point for each detected parameter.

https://qiime2.org/
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3. Results
3.1. NH3-N, pH Value, and MCP

As shown in Table 1, preservation temperature (−20 ◦C or −80 ◦C) did not influence
the pH value, concentrations of NH3-N and MCP, whilst storage time affected the con-
centrations of the latter two. The concentration of NH3-N was higher in D60 and D240,
and was lower in D14 when compared to D0 (p < 0.05). MCP concentration decreased as
preservation time extended within 30 days (p < 0.05), whilst increasing abruptly to the
highest in D60 and then reaching levels similar to D14 and D30. Higher pH values were
observed in D7 and D60 when compared pairwise to D0 (p = 0.036 and 0.016, respectively).

3.2. VFA Concentration

The concentrations of VFA in rumen fluid preserved at −80 ◦C and −20 ◦C for various
days are presented in Table 3. Preservation time, rather than preservation temperature,
affected the concentrations of VFA of rumen fluid. The concentrations of acetate, propionate,
butyrate, valerate, and total VFA in D60 were higher than that in D0 (p < 0.05). Isobutyrate,
isovalerate and BCVFA concentrations decreased in D30, D120, and D240 when compared
pairwise to D0 (p < 0.05).

3.3. VFA Proportion

The proportions of VFA in rumen fluid preserved at −80 ◦C and −20 ◦C for various
days are listed in Table 3. Similar to the VFA concentration, VFA proportion was also
influenced only by preservation time. However, most individual VFA proportions were
found to have differences when preservation time exceeded 30 days. The proportion of
acetate and acetate to propionate ratio were observed to be higher in D30 when compared
to other time points (p < 0.05), whereas the proportions of isobutyrate, isovalerate and
BCVFA decreased when the preservation time was greater than 30 days (p < 0.05). Butyrate
and valerate proportions increased after preserving rumen fluid for over 60 days (p < 0.05).

3.4. Alpha-Diversity Metrics

Preservation time and preservation temperature, as well as their interactions, showed
no significant impacts on richness and evenness of rumen fluid (p > 0.05, Table 4). Moreover,
no differences were observed in Chao 1, observed species, PD whole tree, Shannon index,
and Simpson index, when those comparisons were made between refrigerated rumen fluid
and fresh rumen fluid (p > 0.05).

3.5. Bacterial Relative Abundance at Levels of Phylum and Genus

Tables 5 and 6 show the dynamic variations in relative abundances of the rumen bacte-
ria community at the levels of phylum and genus, respectively. The relative abundances of
Bacteroidota and Firmicutes varied as preservation time advanced, with the former reach-
ing the maximum at D30 and dropping to the minimum at D240, and with the opposite
trend for the latter. Six genera were observed with relative abundances greater than 3%,
with the relative abundances of Prevotella and Ruminococcus affected by preservation time.
The relative abundance of Prevotella increased to the highest at D30 and then decreased
as preservation time exceeded 30 days. Ruminococcus abundance was first numerically
increased at D7 and then decreased during D14 to D120, and finally reached the highest
value at D240.
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Table 1. Ammonia nitrogen, pH value, and microbial crude protein of rumen fluid preserved at −80 ◦C and −20 ◦C for various preservation days.

Item
Preservation Time 1

SEM 3
p-Value 4

D0 D7 D14 D30 D60 D120 D240 Time Temperature Interaction

Ammonia nitrogen, mg/dL

−80 ◦C 13.64 12.56 12.47 13.94 15.00 14.18 13.91
0.61 <0.001 0.940 0.024−20 ◦C 13.64 13.38 11.88 12.67 14.41 13.60 14.95

Average 13.64 b 12.97 bc 12.17 c 13.30 b 14.70 a 13.89 b 14.48 a
Significance 2 0.052 <0.001 0.258 0.001 0.626 0.041

pH value

−80 ◦C 6.85 6.88 6.94 6.89 6.83 6.83 6.76
0.12 0.098 0.712 0.003−20 ◦C 6.85 6.90 6.90 6.81 6.97 7.14 7.03

Average 6.85 6.89 6.92 6.85 6.90 6.98 6.89
Significance 0.036 0.085 0.933 0.016 0.063 0.211

Microbial crude protein, mg/L

−80 ◦C 541.28 500.58 452.57 439.41 703.97 367.57 383.88
42.91 <0.001 0.753 0.072−20 ◦C 541.28 508.79 469.16 445.19 603.70 280.96 345.52

Average 541.28 b 504.69 bc 460.86 c 442.30 c 653.83 a 324.26 c 364.70 c
Significance 0.005 <0.001 <0.001 0.001 <0.001 <0.001

1 Preservation time D0 indicates rumen fluid was preserved for 0 day, the similar indications for D7, D14, D30, D60, D120, and D240; 2 Significance was obtained by pair-comparing
the differences between a certain preservation time and fresh rumen fluid (D0); 3 SEM, standard error of the mean; 4 Interaction indicates interaction effect between preservation
time and preservation temperature. Different lowercase letters (“a”, “b”, “c”) within the same row indicate differences, same lowercase letters indicate similarities. The same for the
following tables.

Table 2. Volatile fatty acids concentrations (mmol/L) of rumen fluid preserved at −80 ◦C and −20 ◦C for various preservation days.

Item
Preservation Time

SEM
p-Value

D0 D7 D14 D30 D60 D120 D240 Time Temperature Interaction

Acetate −80 ◦C 29.97 28.29 28.11 31.67 33.61 33.60 28.33
−20 ◦C 29.97 29.62 29.78 28.79 37.81 29.47 30.38 2.91 0.002 0.957 0.079
Average 29.97 b 28.95 b 28.95 b 30.23 b 35.71 a 31.53 b 29.36 b

Significance 0.384 0.263 0.743 0.002 0.063 0.696
Propionate −80 ◦C 8.52 8.30 8.08 8.86 10.07 10.23 8.30 2.06 0.027 0.987 0.275

−20 ◦C 8.52 8.40 8.45 7.29 11.12 9.05 9.07
Average 8.52 b 8.35 b 8.27 b 8.08 b 10.59 a 9.64 b 8.69 b

Significance 0.564 0.210 0.267 0.047 0.106 0.652

Iso-butyrate

−80 ◦C 0.41 0.40 0.40 0.39 0.45 0.30 0.27
−20 ◦C 0.41 0.41 0.42 0.33 0.43 0.26 0.31 0.02 0.001 0.846 0.450
Average 0.41 a 0.40 a 0.41 a 0.36 ab 0.44 a 0.28 b 0.29 b

Significance 0.780 0.995 0.014 0.408 <0.001 <0.001
Butyrate −80 ◦C 7.07 6.34 6.51 6.81 9.33 8.91 7.36

−20 ◦C 7.07 6.67 6.74 5.65 9.91 7.79 7.86 0.88 <0.001 0.959 0.127
Average 7.07 b 6.50 b 6.62 b 6.23 b 9.62 a 8.35 a 7.61 ab

Significance 0.177 0.198 0.022 <0.001 0.001 0.108
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Table 2. Cont.

Item
Preservation Time

SEM
p-Value

D0 D7 D14 D30 D60 D120 D240 Time Temperature Interaction

Isovalerate −80 ◦C 0.81 0.76 0.77 0.76 0.58 0.64 0.50
−20 ◦C 0.81 0.80 0.80 0.61 0.60 0.54 0.55 0.07 <0.001 0.902 0.043
Average 0.81 a 0.78 a 0.79 a 0.69 ab 0.59 bc 0.59 bc 0.52 c

Significance 0.446 0.510 0.009 <0.001 <0.001 <0.001
Valerate −80 ◦C 0.56 0.53 0.53 0.55 0.75 0.83 0.65

−20 ◦C 0.56 0.54 0.55 0.46 0.81 0.68 0.68 0.08 <0.001 0.916 0.101
Average 0.56 c 0.54 c 0.54 c 0.51 c 0.78 a 0.75 a 0.66 ab

Significance 0.394 0.422 0.056 <0.001 0.002 <0.001

Total volatile
fatty acids

−80 ◦C 47.33 44.62 44.41 49.04 54.79 54.50 45.41
−20 ◦C 47.33 46.44 46.73 43.13 60.68 47.80 48.84 5.11 <0.001 0.991 0.060
Average 47.33 b 45.53 b 45.57 b 46.09 b 57.73 a 51.15 ab 47.13 b

Significance 0.348 0.243 0.399 0.002 0.034 0.924

Branched-chain volatile fatty acids

−80 ◦C 1.77 1.69 1.71 1.70 1.77 1.77 1.42
−20 ◦C 1.77 1.75 1.76 1.40 1.84 1.48 1.54 0.15 <0.001 0.896 0.018
Average 1.77 a 1.72 a 1.74 a 1.55 ab 1.81 a 1.63 ab 1.48 b

Significance 0.471 0.542 0.014 0.725 0.038 <0.001

Different lowercase letters (“a”, “b”, “c”) within the same row indicate differences, same lowercase letters indicate similarities.

Table 3. Volatile fatty acids proportions (%) of rumen fluid preserved at −80 ◦C and −20 ◦C for various preservation days.

Item
Preservation Time

SEM
p-Value

D0 D7 D14 D30 D60 D120 D240 Time Temperature Interaction

Acetate −80 ◦C 64.10 64.66 64.21 65.58 62.97 62.91 63.83
−20 ◦C 64.10 64.70 64.63 67.31 63.47 63.10 63.60 1.99 <0.001 0.926 0.405
Average 64.10 b 64.68 b 64.42 b 66.45 a 63.22 bc 63.01 c 63.71 bc

Significance 0.038 0.150 <0.001 0.029 0.002 0.551
Propionate −80 ◦C 17.38 17.35 17.23 17.05 16.77 17.52 17.24

−20 ◦C 17.38 17.08 17.11 16.46 17.27 17.49 17.33 2.32 0.240 0.989 0.462
Average 17.38 17.22 17.17 16.75 17.02 17.51 17.28

Significance 0.095 0.008 0.008 0.174 0.617 0.776

Acetate to propionate ratio

−80 ◦C 4.23 4.25 4.25 4.40 4.41 4.19 4.34
−20 ◦C 4.23 4.34 4.32 4.62 4.32 4.22 4.30 0.43 0.025 0.965 0.690
Average 4.23 b 4.30 b 4.29 b 4.51 a 4.36 b 4.21 b 4.32 b

Significance 0.080 0.021 <0.001 0.014 0.651 0.506
Iso-butyrate −80 ◦C 0.95 0.98 0.99 0.86 0.86 0.62 0.62

−20 ◦C 0.95 0.96 0.97 0.83 0.79 0.60 0.66 0.08 <0.001 0.919 0.785
Average 0.95 a 0.97 a 0.98 a 0.84 b 0.82 b 0.61 c 0.64 bc

Significance 0.164 0.012 <0.001 0.016 <0.001 0.001
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Table 3. Cont.

Item
Preservation Time

SEM
p-Value

D0 D7 D14 D30 D60 D120 D240 Time Temperature Interaction

Butyrate −80 ◦C 14.60 14.07 14.55 13.77 16.93 16.21 15.75
−20 ◦C 14.60 14.29 14.32 12.85 16.06 16.19 15.84 0.77 <0.001 0.876 0.260
Average 14.60 b 14.18 b 14.44 b 13.31 c 16.50 a 16.20 a 15.79 a

Significance 0.101 0.373 <0.001 <0.001 <0.001 0.001
Isovalerate −80 ◦C 1.79 1.76 1.82 1.62 1.11 1.23 1.13

−20 ◦C 1.79 1.79 1.79 1.48 1.05 1.18 1.16 0.12 <0.001 0.913 0.471
Average 1.79 a 1.78 a 1.80 a 1.55 b 1.08 d 1.21 c 1.15 cd

Significance 0.409 0.51 <0.001 <0.001 <0.001 <0.001
Valerate −80 ◦C 1.18 1.18 1.21 1.12 1.36 1.50 1.44

−20 ◦C 1.18 1.17 1.18 1.07 1.36 1.44 1.41 0.07 <0.001 0.842 0.742
Average 1.18 b 1.17 b 1.19 b 1.09 c 1.36 a 1.47 a 1.43 a

Significance 0.843 0.438 <0.001 <0.001 <0.001 <0.001

Branched-chain volatile fatty acids

−80 ◦C 3.92 3.92 4.01 3.60 3.32 3.35 3.19
−20 ◦C 3.92 3.92 3.94 3.38 3.20 3.22 3.23 0.24 <0.001 0.884 0.500
Average 3.92 a 3.92 a 3.97 a 3.49 b 3.26 b 3.29 b 3.21 b

Significance 0.973 0.125 <0.001 <0.001 <0.001 <0.001

Different lowercase letters (“a”, “b”, “c”, “d”) within the same row indicate differences, same lowercase letters indicate similarities.

Table 4. Alpha-diversity metrics of rumen bacteria in rumen fluid preserved at −80 ◦C and −20 ◦C for various preservation days.

Item
Preservation Time

SEM
p-Value

D0 D7 D14 D30 D60 D120 D240 Time Temperature Interaction

Chao1

−80 ◦C 356.33 290.36 492.88 267.29 333.21 499.73 385.86
−20 ◦C 356.33 234.75 412.76 558.25 453.96 513.78 480.02 74.72 0.055 0.182 0.338
Average 356.33 262.5 452.82 412.77 393.58 506.76 432.94

Significance 0.863 0.847 0.987 0.999 0.187 0.863

Observed species

−80 ◦C 353.67 288.67 479.33 266.67 332.33 483.82 380.28
−20 ◦C 353.67 234.33 408.00 520.00 446.67 495.32 455.48 69.82 0.059 0.221 0.412
Average 353.67 261.50 443.67 393.33 389.50 489.57 417.88

Significance 0.833 0.848 0.997 0.998 0.219 0.913

PD whole tree

−80 ◦C 32.75 31.02 38.01 27.00 31.06 39.31 33.27
−20 ◦C 32.75 26.72 34.26 37.37 37.67 39.48 36.87 3.59 0.107 0.356 0.501
Average 32.75 28.87 36.13 32.19 34.37 39.40 35.07

Significance 0.928 0.961 1.000 0.999 0.270 0.984

Shannon index

−80 ◦C 6.22 6.44 6.62 5.85 6.63 6.39 6.34
−20 ◦C 6.22 6.29 6.35 5.98 6.74 6.51 6.37 0.294 0.376 0.987 0.994
Average 6.22 6.36 6.49 5.92 6.69 6.45 6.35

Significance 0.999 0.97 0.938 0.689 0.958 0.998

Simpson index

−80 ◦C 0.96 0.97 0.97 0.95 0.97 0.96 0.97
−20 ◦C 0.96 0.98 0.97 0.95 0.98 0.97 0.97 0.009 0.265 0.960 0.998
Average 0.96 0.98 0.97 0.95 0.98 0.96 0.97

Significance 0.832 0.987 0.832 0.832 1.000 0.999
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Table 5. Phylum abundance (>1%) of rumen bacteria in rumen fluid preserved at −80 ◦C and −20 ◦C for various preservation days.

Phylum Name
Preservation Time

SEM
p-Value

D0 D7 D14 D30 D60 D120 D240 Time Temperature Interaction

Bacteroidota −80 ◦C 61.80 54.98 62.47 77.52 62.39 61.96 53.50
−20 ◦C 61.80 56.08 64.24 75.30 54.10 54.75 44.32 5.91 0.002 0.290 0.912
Average 61.80 ab 55.53 b 63.36 ab 76.41 a 58.25 ab 58.35 ab 48.91 b

Significance 0.933 1.000 0.185 0.996 0.991 0.122
Firmicutes −80 ◦C 33.13 41.23 34.32 19.95 33.70 35.06 42.21

−20 ◦C 33.13 40.63 34.08 22.47 42.30 42.37 51.89 5.39 0.001 0.189 0.880
Average 33.13 ab 40.93 a 34.20 ab 21.21 b 38.00 ab 38.72 a 47.05 a

Significance 0.766 1.000 0.299 0.969 0.857 0.038

Proteobacteria

−80 ◦C 3.77 2.23 2.19 1.94 2.69 1.58 1.86
−20 ◦C 3.77 1.88 0.74 1.30 1.32 1.21 1.33 1.11 0.175 0.271 0.994
Average 3.77 2.06 1.47 1.62 2.01 1.39 1.59

Significance 0.714 0.379 0.463 0.687 0.14 0.218

Different lowercase letters (“a”, “b”) within the same row indicate differences, same lowercase letters indicate similarities.

Table 6. Genus abundance (>3%) of rumen bacteria in rumen fluid preserved at −80 ◦C and −20 ◦C for various preservation days.

Genus Name
Preservation Time

SEM
p-Value

D0 D7 D14 D30 D60 D120 D240 Time Temperature Interaction

Prevotella

−80 ◦C 47.05 37.34 49.82 63.33 47.84 46.28 38.74
−20 ◦C 47.05 35.14 51.75 61.25 38.22 38.04 29.31 6.29 0.002 0.221 0.926
Average 47.05 ab 36.24 b 50.70 ab 62.29 a 43.03 ab 42.16 b 34.03 b

Significance 0.597 0.997 0.204 0.995 0.96 0.163

Rikenellaceae RC9 gut group

−80 ◦C 4.91 6.23 5.52 5.17 5.29 4.82 6.69
−20 ◦C 4.91 8.28 5.90 5.66 6.90 6.34 7.56 2.75 0.959 0.512 1.000
Average 4.91 7.26 5.71 5.41 6.09 5.58 7.13

Significance 0.977 1.000 1.000 0.999 1.000 0.953

Christensenellaceae R-7 group

−80 ◦C 7.04 11.73 2.18 0.72 2.55 4.41 5.00
−20 ◦C 7.04 8.53 2.10 1.26 5.89 6.05 7.43 2.67 0.064 0.647 0.944
Average 7.04 ab 10.13 a 2.14 ab 0.99 b 4.22 ab 5.23 ab 6.21 ab

Significance 0.903 0.522 0.273 0.935 0.980 1.000
Selenomonas −80 ◦C 4.08 1.99 5.94 3.72 6.46 6.30 5.45

−20 ◦C 4.08 2.39 5.51 3.99 5.75 5.30 4.28 1.58 0.254 0.660 0.997
Average 4.08 2.19 5.73 3.86 6.11 5.80 4.87

Significance 0.887 0.938 1.000 0.852 0.828 0.996
Succiniclasticum −80 ◦C 2.67 3.50 4.34 3.66 4.05 4.05 4.60

−20 ◦C 2.67 2.92 4.63 2.24 2.91 3.81 1.80 1.16 0.733 0.185 0.767
Average 2.67 3.21 4.49 2.95 3.48 3.93 3.20

Significance 0.999 0.692 1.000 0.991 0.827 0.998
Ruminococcus −80 ◦C 2.44 3.54 1.90 1.08 1.29 1.20 5.72

−20 ◦C 2.44 3.18 1.83 1.31 2.22 2.04 8.27 1.96 0.019 0.582 0.985
Average 2.44 b 3.36 b 1.87 b 1.19 b 1.76 b 1.62 b 7.00 a

Significance 0.999 1.000 0.995 1.000 0.998 0.080

Different lowercase letters (“a”, “b”) within the same row indicate differences, same lowercase letters indicate similarities.
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3.6. Beta-Diversity Analysis

Both PCoA (Figure 1a) and NMDS (Figure 1b) showed clusters among treatments in
terms of preservation time and preservation temperature. ANOSIM also showed similari-
ties between treatments (p > 0.05).
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Figure 1. Beta-diversity of the rumen bacteria in rumen fluid under various preservation temperatures
and preservation times. (a) Principal coordinates analysis (PCoA); (b) non-metric multidimensional
scaling (NMDS). The first capital letter “C” and “T” indicate preservation temperatures at −80 ◦C
and −20 ◦C, respectively. The second capital letter “D” indicates preservation days.

4. Discussion

Rumen NH3-N is generally considered as an indicator of nitrogen metabolism for both
degradation of dietary protein and ruminal utilization for microbial growth and reproduc-
tion [11,26]. Therefore, the NH3-N concentration is influenced by dietary protein provision
and factors affecting microbial utilization, i.e., microbial activity, rumen environment, and
the storage condition. The current study found that NH3-N concentration was the highest
when rumen fluid was stored for 60 days, which is similar to the finding of Nocek et al. [11],
who reported that ammonia content was accentuated after refreezing to 65 days. The
possible explanation for the elevation may refer to the microbial proteolysis of protein
constituents in rumen fluid. However, decreased NH3-N concentration was also observed
when rumen fluid was preserved for 14 days, which is inconsistent with the result from
Baetz Albert et al. [27], who found stable ammonia concentration after storage at −70 ◦C
for 22 days. The reduction may be due to the volatilization of ammonia because the rumen
fluid was not acidified during the whole preservation process. Changes of pH value are
expected after preserving for 7 days due to variations in ammonia content, which explained
the routine operation of rumen pH value determination, as it is well known that rumen pH
value should be concluded immediately after the rumen content was collected. Ruminal
MCP is frequently quantitated as an important source of amino acids for ruminants, and its
concentration was influenced by dietary nitrogen and carbohydrate, microbial composition
and activity [28]. It is interesting to see continuous decline of MCP before 60 days, reaching
the highest at 60 days, thereafter maintaining stability. Freezing may reduce the microbial
activity through membrane damage and DNA denaturation [5], which partly explained
the decline of MCP during storage during the first 60 days. As the freeze extended, the
protein constituents in rumen fluid were hydrolyzed into ammonia [11], as well as more
energy from carbohydrate degradation, which together contributed to the synthesis of
amino acid and further improved the production of MCP. The turning point at 60 days
could be indirectly verified by the high concentrations of NH3-N and total VFA, as well as
numerically higher rumen bacterial diversity.

The VFA is the main end product of feed and the primary form of energy utiliza-
tion for ruminants, playing decisive roles in production efficiency and product quality.
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The concentration and proportion of VFA were not changed by preservation temperature
(−20 ◦C or −80 ◦C), whilst they were altered by preservation time over 30 days, apart
from propionate proportion. Insoluble substrates (e.g., polysaccharides and protein) in
feed residue of rumen fluid were degraded into sugars, VFA, and amino acids during the
preservation process [14]. Moreover, several metabolic processes in cold shock response
during refrigeration, for instance, alteration in membrane lipids and synthesis of proteins,
would accelerate the sugar metabolism [2]. Takizawa et al. [14] found that the concentration
of VFA in rumen fluid increased during the first two days of preservation. The aforemen-
tioned findings and theories supported the varied concentration and proportion of VFA
during the refrigeration process, which corresponded well with the increase in ammonia
concentration. Another possible explanation for the higher VFA concentration would be
the fact that damaged microbes due to freezing could serve as additional substrate for
more VFA production [3]. Preservation temperature of rumen fluid is also a decisive factor
for VFA variation. A previous study has reported that VFA concentration in rumen fluid
was stable when it was stored at 4 ◦C, whilst increased VFA concentration was observed
when the rumen fluid was stored at 20 ◦C or 35 ◦C [14]. In this study, no differences in
concentrations of VFA were observed between preservation temperature at −20 ◦C and
−80 ◦C, probably because the rumen fluid was in a frozen state at these two temperatures
and showed similar cold shock response to temperature [2].

Rumen microbes play critical roles in dietary nutrient digestion, production efficiency,
and body health of ruminants. Most studies reported that exhaustion of insoluble and
soluble substrates in rumen fluid alters the microbial community and reduces microbial
activity during the process of freezing [3,14]. Changes in microbial community included de-
creased protozoa count, protozoa viability, and Gram-negative bacteria amount [3,13,14,18],
whereas the effects of freezing condition on microbial diversity and specific bacterial species
are limited. Here, we tracked the dynamic changes in bacterial diversity and community
composition as the storage time extended at two freezing temperatures. Bacterial alpha-
diversity results showed that differences in bacterial richness and evenness caused by the
preservation temperature and preservation time were small, and beta-diversity data also
revealed similarities among treatments. These results might be attributable to the microbial
self defense mechanism when encountering environmental stress, such as altering bacterial
density and community structure via quorum sensing to maintain stability [29,30]. The
explanation could be indirectly seen from the dynamic community composition at the levels
of phylum and genus due to storage time, as the predominate two phyla, Bacteroidota
and Firmicutes, showed numerically higher and lower relative abundances when rumen
fluid was stored at 30 days, respectively. Most Bacteroidota are Gram-negative bacteria
and this type of bacteria showed particular sensitivity to freezing [18]. Qiu et al. [21]
reported negative correlation between ambient temperature and Bacteroidetes abundance,
and the opposite correlation for the phylum Firmicutes. This study observed similar re-
sults, probably due to the adaptive capacity of Bacteroidota and Firmicutes to the ambient
temperature system [31]. The genus of Prevotella is considered to be particularly active
in fermenting starch and protein metabolism [32]. The higher abundance of this genus at
30 days normally indicates higher VFA production and ammonia concentration at that time
point. However, these increments were only observed at 60 days, which might be due to
the fact that rumen fermentation characteristics were not consequentially in accordance
with the rumen bacterial community [33]. Previous studies have revealed that rumen
fermentation characteristics required less time to achieve stability than the rumen bacterial
community [34]. However, delayed rumen fermentation characteristics due to bacterial
abundance was observed in the current study, suggesting that dietary type may affect the
crosstalk between fermentation characteristics and bacterial community. Ruminococcus
flavefaciens and Ruminococcus albus, two core species belonging to the genus of Ruminococcus,
are critical members for degrading the plant cell wall in the rumen community [35]. Higher
abundance of Ruminococcus was observed in D240, partly due to the fact that structural
carbohydrates are slowly fermentable organic compounds as compared to nonstructural
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carbohydrates [36]. It is worth mentioning that microbial activity and microorganisms
other than bacteria were not determined in this experiment. A long-term and more compre-
hensive tracking of the rumen microbe, i.e., bacteria, protozoa, and fungi, is required to
decide the flexible time for rumen microbe determination, as well as the viable inoculum
for the in vitro fermentation test.

5. Conclusions

Taken together, the current preservation temperature (−80 ◦C and −20 ◦C) did not
alter the fermentation characteristics, bacterial diversity and community composition. Most
fermentation characteristics were altered when stored at 60 days, and the preservation
time to allow microbial community changes was 30 days. This study indicates that most
fermentation characteristics altered after 60-d preservation, whilst the preservation time for
rumen bacterial community profile alteration was 30 days. It is recommended to finish the
sample determination of rumen fluid within 30 days.
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