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Simple Summary: The depressed appetite at parturition might induce the changes in the composition
and quantity of rumen microbiota. At present, little is known about the influence of parturition on
the levels of rumen microbiota and their fermentation ability in dairy cows. The objective of this
study was to evaluate the effects of parturition on composition and quantity of bacterial communities
and concentrations of short-chain fatty acids (SCFAs) with 16S rRNA high-throughput sequencing
and targeted GC–MS/MS metabolomics. The results showed that parturition altered the levels of
rumen bacteria and their fermentation ability. The findings provide a better understanding of the
effect of parturition on rumen digestive function.

Abstract: The rumen fluids from ten cows at Day 3~5 before calving and Day 0 after calving were
collected to analyze the composition and quantity of bacterial communities and concentrations of SC-
FAs. The results showed that the relative abundances of unidentified Lachnospiraceae, Acetitomaculum,
Methanobrevibacter, Olsenella, Syntrophococcus, Lachnospira, and Lactobacillus genera were significant
increased (p < 0.05), while that of unidentified-Prevotellaceae was notably decreased after calving
(p < 0.05). In addition, the concentrations of acetic acid, propionic acid, butyric acid, and caproic acid
obviously decreased after calving (p < 0.01). Our findings show that parturition altered the rumen
microbiota and their fermentation ability in dairy cows. This study defines a rumen bacteria and
metabolic profile of SCFAs associated with parturition in dairy cows.

Keywords: parturition; dairy cows; rumen bacterial communities; short-chain fatty acids

1. Introduction

Parturition is a complex physiological process modulated by the endocrine, nervous,
and immune systems, and other factors, during which the metabolism of hormones, sugars,
proteins, and lipids is severely disturbed. Among these factors, alterations in hormones
play a crucial role in the loss of appetite during late gestation in dairy cows [1,2]. On
Days 3~5 before parturition, DMI is reduced sharply so that the daily feed intake is only
approximately 8~9 kg per dairy cow [3]. Due to the limited feed intake, rumination time has
been observed to be largely decreased about 8 h before delivery and gradually recovered
about 6 h later [4]. Hence, rumination time has been well recognized as a means of detecting
parturition in dairy cows [5].

Rumen microbiota, consisting of anaerobic bacteria, archaea, protozoa and fungi,
ferment fibrous and nonfibrous sources of carbohydrates in the feed into SCFAs to supply
energy [6]. Rumination is universally acknowledged as the primary means by which the
size of feed particles consumed is decreased in dairy cattle [4]. More sites for microbial
attachment are exposed when the feed particle is ruminated. During rumination, saliva
is added and the accumulated CO2 and VFA are released via chewing, which can make
the microenvironment more beneficial to bacterial growth [7]. Although the importance
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of rumination for microbial activities by reducing particle size is well recognized, the
detailed effect of parturition on the quantity and fermentation activity of rumen microbial
communities are not well reported and require further study.

High-throughput sequencing is a category of powerful technologies for obtaining
high-coverage information on the classification and diversity of microbial communities
without isolation and culture [8], among which 16S rRNA sequencing has been commonly
applied to explore the composition of microbial communities in the rumens and intestines
of dairy cows [9,10]. Targeted GC–MS/MS metabolomics are suitable for identifying and
quantifying small molecule acids, amino acids, sugars, and fatty acids, and have also been
successfully used to check the concentrations of these metabolites in the serum, feces,
and rumen fluid of ruminants [11–13]. Consequently, we collected the rumen fluids from
ten cows on Days 3~5 before calving and Day 0 after calving to reveal the influence of
parturition on rumen bacterial communities and SCFAs using 16S rRNA high-throughput
sequencing and targeted GC–MS/MS metabolomics, attempting to provide more informa-
tion on physiological process of parturition in Holstein dairy cows.

2. Materials and Methods
2.1. Ethical Statement

The experimental scheme was approved by the Animal Ethics Committee of Ningxia
University (authorization number: 025/22) and complied with the international guidelines
for animal experiments.

2.2. Sample Collection

At a large modern enterprise around the Yinchuan city of China, twenty healthy
Holstein cows on Days 3~5 before calving (2~3 parity and 3.2~3.5 BCS) were selected to
collect rumen fluids. The cows were fed three times each day with TMR diet (Supplemental
Table S1) and DMI was 9.2 ± 0.6 kg·d−1 during calving. The concentrate-to-forage ratio
of TMR diet was 3.6:1. Their body temperatures were normal and blood ketones values
were around 1.0. Each cow had taken rumen fluid at 1 h after their second meal. Ultimately,
the rumen fluids from ten cows were retained as “samples before parturition” because
the calving date of the ten cows coincided with expected calving date. Then, the rumen
fluids as “samples after parturition” were taken from the same ten cows at 1 h after calving
without eating. Rumen fluids before parturition were labeled as E1~E10 (Group E), and
those after parturition were marked as A1~A10 (Group A).

The rumen fluids were taken using special collectors equipped with a metal filter at
one end and a 50 mL syringe at the other end. Discarding the first tube of rumen fluid
and the second tube of rumen fluid was used as the test sample. The rumen fluids were
filtered by four layers of sterilized gauze, transferred to cryopreservation tubes and stored
at −80 ◦C.

2.3. Targeted GC–MS/MS Metabolomics Analysis of Rumen SCFAs

The rumen fluids were well mixed in maximum vortex frequency after slowly thawing
at 4 ◦C. Fifty microliters of rumen fluid was vortexed with 100 µL of 36% chromato-
graphic grade phosphoric acid solution for approximately 3 min in the eppendorf tube and
then vortexed with 150 µL of chromatographic grade MTBE (methyl tertiary butyl ether)
solvent containing internal standard to extract SCFAs from rumen samples with ultrason-
ication for approximately 5 min in an ice bath. The extracted solution was centrifuged
at 12,000× g r/min and 4 ◦C for 10 min, and 90 µL of supernatant was absorbed into the
sample bottle with a glass liner for later targeted GC–MS/MS analysis.

An Agilent 7890A–5975C gas chromatograph-mass spectrometer (Agilent Technolo-
gies, Santa Clara, CA, USA) with a quadrupole analyzer was used for the qualitative
and quantitative analysis of rumen SCFAs. According to previous literature [14], the GC–
MS/MS conditions were developed (Supplemental Table S2). The high reliability of the
GC–MS/MS conditions was confirmed with intraday precisions, interday precisions, and re-
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covery rates of SCFAs with different concentrations of QC samples (Supplemental Table S3),
and good stability of the instrument was observed through the total ion current [15] overlap
of QC sample mass spectrometry (Supplemental Figure S1). The chromatographic peaks
representing acetic acid, propionic acid, isobutyric acid, butyric acid, isovaleric acid, valeric
acid, and caproic acid were ensured according to the ion pair information, secondary
spectrum and retention time (Supplemental Figure S1). The linear regression equations of
the seven SCFAs were established based on the peak intensities of SCFA standard solutions
with serial concentrations (Table 1). The concentrations of SCFAs in rumen fluid were
calculated based on linear regression equations (Supplemental Table S4). The file in the csv
format containing names of SCFAs, concentrations and samples information was imported
into MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/, accessed on 8 October 2021) to
carry out the following metabolomics analysis. Principal component analysis (PCA) was
used to visualize the changes in the metabolic profile of the seven rumen SCFAs before and
after parturition. Variable importance in projection (VIP) values of the seven SCFAs were
obtained by partial least squares-discriminant analysis (OPLS-DA). The p value and fold
change (FC) were also acquired by t test. SCFAs with VIP ≥ 1, FC ≥ 1.5, and p < 0.05 were
selected as biomarkers for differentiating dairy cows before and after parturition.

Table 1. Regression equations, concentrations, and statistical parameters of each SCFA in the
rumen fluid.

Component
Retention

Time
(min)

Regression
Equation

Concentrations (Mean ± SD)
(µg/mL)

Statistical Parameters
(Before Parturition vs. After

Parturition)

Before
Parturition

(n = 10)

After
Parturition

(n = 10)
p Value FC VIP

Acetic acid 3.36 y = 0.64x + 0.03 9575 ± 117.54 6340 ± 294.36 0.01 1.51 ↓ 1.21
Propionic acid 3.97 y = 0.46x + 0.001 6109 ± 72.89 3236.8 ± 165.61 0.0004 1.89 ↓ 1.36
Isobutyric acid 4.14 y = 1.00x − 0.001 339.4 ± 8.47 366.4 ± 23.23 0.75 0.93 1.18

Butyric acid 4.55 y = 5.57x + 0.20 5218 ± 75.27 3281.7 ± 149.00 0.004 1.59 ↓ 1.01
Isovaleric acid 4.8 y = 6.49x − 0.001 345.5 ± 7.17 349.6 ± 20.46 0.96 0.99 1.36

Valeric acid 5.22 y = 7.12x + 0.13 716.7 ± 12.10 416.8 ± 21.69 0.003 1.72 0.63
Caproic acid 5.79 y = 3.39x + 0.23 310.8 ± 8.51 141.7 ± 8.78 0.0006 2.19 ↓ 1.15

pH 6.62 ± 0.0624 6.82 ± 0.03 0.0081 0.97 ↑
Note: ↓ indicates down and ↑ indicates up.

2.4. 16S rRNA High-Throughput Sequencing of Rumen Bacteria Communities

The SDS method was used to extract the genomic DNA of rumen bacterial communi-
ties, and the purity and concentration of genomic DNA were evaluated with 1% AGE. Next,
341F (CCTAYGGGRBGCASCAG) and 806R (GGACTACNNGGGTATCTAAT) primers with
barcodes were designed to amplify the V3~V4 hypervariable regions of the rumen bacterial
16S rRNA gene [16,17]. The PCRs were carried out using a thermal cycle PCR system
(Gene Amp 9700, ABI, Waltham, MA, USA) according to the published literature [17].
The amplified products were validated using 2% agarose gel electrophoresis and further
purified using the Qiagen gel extraction kit (Qiagen, Hilden, Germany). After amplification,
DNA libraries were constructed with a TruSeq DNA PCR-Free Sample Preparation Kit
(Illumina, San Diego, CA, USA) and quantified with Qubit and Q-PCR methods. The qual-
ified libraries were subsequently sequenced with a PE250 strategy via the NovaSeq6000
platform (Illumina Inc., San Diego, CA, USA).

The reads of each sample were separated after removing the barcode and the primer se-
quences and then spliced into raw tags using FLASH (V1.2.7, http://ccb.jhu.edu/software/
FLASH/ accessed on 9 January 2023) [18]. The raw tags were quality-filtered to obtain high-
quality tags (clean tags) [19]. The clean tags were truncated and filtered via QIIME (V1.9.1,
http://qiime.org/scripts/split_libraries_fastq.html accessed on 9 January 2023) [20], and

https://www.metaboanalyst.ca/
http://ccb.jhu.edu/software/FLASH/
http://ccb.jhu.edu/software/FLASH/
http://qiime.org/scripts/split_libraries_fastq.html
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chimeras were further removed with VSEARCH (https://github.com/torognes/vsearch/
accessed on 9 January 2023) [21]. The effective tags of all samples were finally obtained
after the above data processing and then clustered into operational taxonomic units (OTUs)
at 97% identity using UPARSE (v7.0.1001, http://www.drive5.com/uparse/ accessed on
9 January 2023) [22]. Meanwhile, the representative sequence of OTUs was selected ac-
cording to the UPARSE algorithm. Species annotation and taxonomic analysis of each 16S
rRNA gene sequence was performed with Mothur and the SSUrRNA database of SILVA132
(http://www.arb-silva.de/ accessed on 9 January 2023) with a threshold of 0.8~1 [23]. The
bacterial community composition of each sample was assessed at the levels of kingdom,
phylum, class, order, family, genus, and species.

Alpha diversity indices of the groups, including Shannon, Simpson, Chao1, and
ACE, were calculated with QIIME after homogenizing the data of each sample. The
program R (Version 2.15.3) was used to generate the rarefaction curve and t test of alpha
diversity between groups. Principal coordinate analysis (PCoA) based on unweighted
UniFrac distance was selected to visualize beta diversity using WGCNA, stats, and ggplot2
packages in R. Anosim analysis based on Bray–Curtis distance were used to determine the
difference in bacterial communities between two groups with the anosim function of the
vegan package in R. The t test in R was used to search and visualize differential species
between the two groups at the genus level. LEfSe (LDA Effect Size) software was used
to find biomarkers for the two groups and generate an LDA score cladogram. Spearman
correlation analysis between rumen bacterial genera with the top 30 abundances and
SCFAs was carried out using MicrobiomeAnalyst 2.0 (https://www.microbiomeanalyst.ca/
accessed on 9 January 2023).

3. Results
3.1. Changes in the Metabolic Profile and Concentrations of Rumen SCFAs

The 2D scatter plots of PCA and OPLS-DA exhibited a clear separation of the metabolic
profiles of the seven SCFAs between Groups E and A (Figure 1a,b), indicating that rumen
fermentability in dairy cows obviously changed during parturition. Acetic acid, propionic
acid, butyric acid, and caproic acid could be metabolic biomarkers for differentiating
the rumen fluids before and after calving according to their VIP values (≥1), FC (≥1.5)
p values (<0.05), and their concentrations in rumen fluid presented a significant decreasing
trend during parturition. The average concentrations, pH of rumen liquids, p values, FC,
and VIP values are shown in Table 1.
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3.2. Alteration in Rumen Bacteria Communities

An average of 1,399,432 raw tags were detected by 16S rRNA gene sequencing from
the 20 rumen fluid samples of dairy cows before and after parturition, and 837,879 effective
tags with an average length of 413 bp were ultimately screened after quality control and
filtration (Supplemental Table S5). A total of 2590 OTUs were acquired by clustering at 97%
identity, of which 1965 OTUs were shared by both groups. The species accumulation curve
was prone to be flat when the number of samples were higher than 20, showing that the
number of samples in this study was reliable for estimating species richness (Figure 2a).
The rarefaction curve of alpha diversity tended to be flat as the sequencing depth increased,
indicating that the sequencing results could reflect the diversity of bacterial communities in
rumen fluid samples and that there would be no large number of new OTUs to appear even
if the sequencing depth was further increased (Figure 2b). The Shannon, Simpson, Chao1,
and ACE indices of alpha diversity reflecting the within-group diversity and abundance
of the bacterial community are listed in Table 2. The Shannon, Chao1, and ACE indices in
Group A were significantly higher than those in Group E (p < 0.05). The 2D scatter plot
of PCoA by unweighted UniFrac distance of beta diversity showed a visible separation
between Groups A and E (Figure 3a). As shown in Figure 3b, the nonparametric test
of anosim by the Bray–Curtis distance proved that the difference between groups was
significantly greater than that within groups (R = 0.399, p = 0.001).
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Table 2. Alpha diversity indices of rumen bacterial communities.

Items Before Parturition, n = 10 After Parturition, n = 10 p Value

Shannon 7.25 ± 0.48 7.86 ± 0.32 0.0042
Simpson 0.96 ± 0.02 0.97 ± 0.008 0.1762

Chao1 1495.27 ± 115.85 1673.59 ± 157.62 0.0205
ACE 15,224.87 ± 84.09 1701.15 ± 164.32 0.0177

Five kinds of bacterial communities from phylum to species were identified as biomarkers
for Groups E and A with LEfSe analysis, including f_Methanobacteriaceae, o_Methanobacteriales,
c_Methanobacteria, f_Prevotellaceae, and f_Lachnospiraceae (Figure 4). Furthermore, genera
with the top 30 abundances in the two groups were selected for the t test, and eighteen
rumen bacterial genera were ascertained to be significantly different in relative abundance
between the two groups (Figure 5). Eight major abundant genera (accounting for 0.05%
of the total sequences in at least one sample) with differences multiple ≥2 were further
confirmed as differential species between the two groups (Table 3). Among these eight genera,
the relative abundances of unidentified_Lachnospiraceae, Acetitomaculum, Methanobrevibacter,
Olsenella, Syntrophococcus, Lachnospira, and Lactobacillus in Group A were significantly higher
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than those in Group E. In contrast, the relative abundance of unidentified_Prevotellaceae in
Group A was significantly lower than that in Group E.
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the relative abundance of differential sections between Groups E and A, and each bar represents
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groups. The right section shows the confidence degree of the difference between the groups, and the
color in the circle is the same as the color of the group with a high mean.

Table 3. Percentage and difference multiples of the relative abundance of eight major genera before
and after parturition (n = 10 cows per group).

Taxonomy

Percentage of the Relative Abundance

SEM p Value Trend Difference
MultipleBefore

Parturition
After

Parturition �AVE

Unidentified_Lachnospiraceae 2.01 3.99 2.99 0.99 0.002 up 2.00
Acetitomaculum 0.23 0.50 0.37 0.14 0.007 up 2.16
Methanobrevibacter 0.29 2.46 1.37 1.08 0.025 up 8.43
Unidentified_Prevotellaceae 3.34 1.05 2.19 1.14 0.009 down 3.18
Olsenella 0.08 0.16 0.12 0.04 0.011 up 2.08
Syntrophococcus 0.09 0.23 0.16 0.07 0.005 up 2.63
Lachnospira 0.11 0.22 0.16 0.06 0.022 up 2.03
Lactobacillus 0.0004 0.24 0.12 0.11 0.030 up 600.25

3.3. Correlation between Rumen Bacteria and SCFAs

Correlation analysis was performed on rumen bacterial genera in group A and group
E. The bacterial genera and SCFAs with |r| > 0.4 and p ≤ 0.05 were listed in Table 4. The
results showed that acetic acid was significantly negatively correlated with Syntrophococ-
cus, Acetitomaculum, Lactobacillus, unidentified_Enterobacteriaceae, and Methanobrevibacter
(p < 0.05 or p < 0.01). Propionic acid was significantly negatively correlated with Olsenella,
unidentified_Lachnospiraceae, Desulfobulbus, unidentified_ Enterobacteriaceae, and Lachnospira
(p < 0.05 or p < 0.01), and significantly positively correlated with unidentified_ Prevotellaceae
(p < 0.05). Butyric acid was significantly negatively correlated with Subdoligranulum, Lacto-
bacillus, Acetitomaculum, Syntrophococcus, Solobacterium, Desulfobulbus, and unidentified_
Enterobacteriaceae (p < 0.05 or p < 0.01).
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Table 4. Spearman Correlation coefficients and p values of rumen bacterial genera and SCFAs.

SCFAs Bacterial Genera Correlation Coefficient (r) p-Value AdjPvalue

Acetic acid

Methanobrevibacter −0.601 0.005 ** 0.013
Acetitomaculum −0.469 0.037 * 0.037
Syntrophococcus −0.472 0.036 * 0.036
Lactobacillus −0.763 0.000 ** 0.000
Unidentified_Enterobacteriaceae −0.680 0.001 ** 0.001

Propionic acid

Unidentified_Prevotellaceae 0.477 0.035 * 0.144
Unidentified_Lachnospiraceae −0.567 0.010 * 0.052
Lachnospira −0.447 0.048 * 0.241
Lactobacillus −0.807 0.000 ** 0.000
Olsenella −0.629 0.003 ** 0.008
Desulfobulbus −0.515 0.020 * 0.020
Unidentified_Enterobacteriaceae −0.730 0.000 ** 0.001

Butyric acid

Acetitomaculum −0.476 0.034 * 0.037
Syntrophococcus −0.489 0.029 * 0.036
Lactobacillus −0.746 0.000 ** 0.000
Desulfobulbus −0.642 0.002 ** 0.006
Solobacterium −0.716 0.000 ** 0.000
Unidentified_Enterobacteriaceae −0.673 0.001 ** 0.001
Subdoligranulum −0.786 0.000 ** 0.000

Note: * indicates p < 0.05, ** indicates p < 0.01. |r| > 0.7 means a very tight correlation is very close, |r| between
0.4 and 0.7 means a tight correlation.

4. Discussion

The current study investigated the influence of parturition on the phenotype com-
position and quantity of bacteria in ruminal liquid of dairy cows using 16S sequencing
technique. At present, either liquid or solid fractions in rumen are widely used for mi-
crobiome analysis. The two fractions have differentiated ecological niches [24], however,
the high degree of similarity in microbial community composition, diversity, and relative
abundance profiles between the two fractions in cattle and sheep have also been affirmed
by a series of studies [25–28]. Considering this, the ruminal liquid is selected for the current
study, which is easy to collect and poorly contaminated.

Ruminal SCFAs, originating from microbial fermentation of feed carbohydrates, are
absorbed by the rumen epithelium as a dominant source of energy for ruminants. Acetic
acid is the most-produced compound, accounting for approximately 70~75% of the total
production of SCFAs and supplying energy through the tricarboxylic acid cycle [29]. Pro-
pionic acid generates approximately 50~60% of glucose via hepatic gluconeogenesis [30].
Butyric acid accounts for 10~20% of the total production of SCFAs and is transformed
into β-hydroxybutyric acid to provide energy for muscle tissue [31], and it also plays
an important role in the regulation of innate and adaptive immune cell generation and
function [32]. An intense negative energy balance at parturition is most likely induced by
depressed appetite and the initiation of milk synthesis in dairy cows [33]. Although dairy
cows can mobilize adipose tissue into fatty acids to remedy the energy deficit, excessive
lipolysis heightens the risk for metabolic and inflammatory diseases [34]. The parturition
period is critical for determining the potential of the cow mammary gland to synthesize
milk, and the degree of that potential depends on how much nutrients are received by the
gland [35]. In this study, the concentrations of acetic acid, propionic acid, and butyric acid
in the rumen fluid after parturition were significantly lower than those before parturition,
indicating that parturition probably aggravated negative energy balance, which in turn
negatively affected milk production performance and increased the risk for postpartum
metabolic and inflammatory diseases.

Bacteria population acts as a key role in digestive and metabolic activities of ru-
men, obtaining energy from fiber, starch, sugars, and protein of feed. In our study, alpha
diversity and beta diversity of rumen bacteria are distinctly altered before and after calv-
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ing, indicating rumen bacterial community composition and its digestive and metabolic
activities were affected by parturition. The relative abundances of rumen bacteria in gen-
era level was further observed in our study to characterize their change feature during
parturition, showing that seven bacteria abundances increased including Lachnospiraceae,
Acetitomaculum, Methanobrevibacter, Olsenella, Syntrophococcus, Lachnospira and Lactobacillus,
and Prevotellaceae abundances decreased after calving.

Prevotellaceae is the dominant flora, accounting for approximately 60%~70% of rumen
microbes of dairy cows, which can decompose the protein and carbohydrates in the feed
into propionic acid, lactic acid, and succinic acid [36]. Approximately 90% of glucose in
dairy cows is generated by gluconeogenesis, of which 50–60% originates from propionic
acid through hepatic gluconeogenesis [37]. In this study, propionic acid shows a positive
correlation with Prevotellaceae in concentration before and after calving. Numerous stud-
ies have shown that dairy cows are prone to negative energy balance after calving [38].
Therefore, the decreasing in Prevotellaceae abundance is most likely be one of reasons for
the negative energy balance in postpartum dairy cows.

In the rumen, methane production is beneficial to the microbial growth and digestion
by regulating the partial pressure of hydrogen [39]. Methanobrevibacter can utilize some
metabolites, such as acetic acid, propionic acid, and H2, to generate methane [40], and a
higher levels of methane emissions is correlated with high abundance of Methanobrevibac-
ter [41]. In this study, the abundance of Methanobrevibacter is lower before than after calving,
which is speculated to be related to the inhibition of rumination during parturition.

As the abundance of Methanobrevibacter decreases, several acetic acid-producing bac-
teria (Lachnospiraceae, Acetitomaculum, Lactobacillus, Olsenella, Syntrophococcus, and Lach-
nospira) have declined before calving in this study. Family Lachnospiraceae has been ver-
ified as the predominant acetogen in the rumen fermentation system of dairy cows [42].
The genus Acetitomaculum exhibits a significant positive association with lower feed ef-
ficiency [25], which can ferment monosaccharides into acetic acid [43]. Lactobacillus can
hydrolyze starch and other sugars to produce acetic acid, butyric acid, and lactic acid [44].
Olsenella has been found in GIT of human and animals, fermenting starch and glycogen sub-
strates and producing lactic, acetic, and formic acid [15]. Syntrophococcus produces acetate
only from pyruvate and various carbohydrates although its role is not well-understood in
the rumen metabolism [45]. Lachnospira can produce pectin lyases and release into extra-
cellular environment to decompose pectin to oligogalacturonides, which are metabolized
as acetic acid within the cell [46]. However, we find that the concentrations of acetic acid
(including butyrate) in rumen are significantly higher before calving than after calving,
which is inconsistent with these bacterial changes. The reason for this inconsistency is most
likely related to the large amount of energy required for postpartum lactation initiation in
dairy cows.

5. Conclusions

Our study investigated the composition of the bacterial communities and the con-
centrations of SCFAs in the rumen of dairy cows before and after calving with 16S rRNA
high-throughput sequencing and targeted GC–MS/MS metabolomics. Distinct alteration in
the composition of rumen bacteria before and after calving could attributed to the sharply
decreasing feed intake during parturition. As a dominant flora, the decreasing in levels
of Prevotellaceae of propionic acid-producing bacteria are most likely be one of the reasons
for the negative energy balance in postpartum dairy cows. Lower Methanobrevibacter abun-
dance before calving may be related to the inhibition of rumination during parturition.
On the other hand, the change in abundance of several acetic acid-producing bacteria is
inconsistent with that of acetic acid before and after calving, which is most likely related to
the large amount of energy required for postpartum lactation initiation in dairy cows. Our
current study only focused on rumen bacterial populations; it provided a more compre-
hensive understanding of parturition on the dairy cow microbiota and as to how scientists
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would investigate all major microbial populations within therumen, including protozoa
and fungi.
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18. Magoč, T.; Salzberg, S.L. FLASH: Fast length adjustment of short reads to improve genome assemblies. Bioinformatics 2011, 27,
2957–2963. [CrossRef]

19. Bokulich, N.A.; Subramanian, S.; Faith, J.J.; Gevers, D.; Gordon, J.I.; Knight, R.; Mills, D.A.; Caporaso, J.G. Quality-filtering vastly
improves diversity estimates from Illumina amplicon sequencing. Nat. Methods 2013, 10, 57–59. [CrossRef] [PubMed]

20. Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K.; Fierer, N.; Peña, A.G.; Goodrich, J.K.;
Gordon, J.I.; et al. QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 2010, 7, 335–336.
[CrossRef]

21. Rognes, T.; Flouri, T.; Nichols, B.; Quince, C.; Mahé, F. VSEARCH: A versatile open source tool for metagenomics. PeerJ 2016, 4,
e2584. [CrossRef] [PubMed]

22. Haas, B.J.; Gevers, D.; Earl, A.M.; Feldgarden, M.; Ward, D.V.; Giannoukos, G.; Ciulla, D.; Tabbaa, D.; Highlander, S.K.; Sodergren,
E.; et al. Chimeric 16S rRNA sequence formation and detection in Sanger and 454-pyrosequenced PCR amplicons. Genome Res.
2011, 21, 494–504. [CrossRef]

23. Wang, Q.; Garrity, G.M.; Tiedje, J.M.; Cole, J.R. Naive Bayesian classifier for rapid assignment of rRNA sequences into the new
bacterial taxonomy. Appl. Environ. Microbiol. 2007, 73, 5261–5267. [CrossRef] [PubMed]

24. De Mulder, T.; Goossens, K.; Peiren, N.; Vandaele, L.; Haegeman, A.; De Tender, C.; Ruttink, T.; de Wiele, T.V.; De Campeneere,
S. Exploring the methanogen and bacterial communities of rumen environments: Solid adherent, fluid and epimural. FEMS
Microbiol. Ecol. 2017, 93, fiw251. [CrossRef]

25. McLoughlin, S.; Spillane, C.; Claffey, N.; Smith, P.E.; O’Rourke, T.; Diskin, M.G.; Waters, S.M. Rumen Microbiome Composition Is
Altered in Sheep Divergent in Feed Efficiency. Front. Microbiol. 2020, 11, 1981. [CrossRef] [PubMed]

26. Li, Z.; Mu, C.; Xu, Y.; Shen, J.; Zhu, W. Changes in the Solid-, Liquid-, and Epithelium-Associated Bacterial Communities in the
Rumen of Hu Lambs in Response to Dietary Urea Supplementation. Front. Microbiol. 2020, 11, 244. [CrossRef]

27. McGovern, E.; Kenny, D.A.; McCabe, M.S.; Fitzsimons, C.; McGee, M.; Kelly, A.K.; Waters, S.M. 16S rRNA Sequencing Reveals
Relationship Between Potent Cellulolytic Genera and Feed Efficiency in the Rumen of Bulls. Front. Microbiol. 2018, 9, 1842.
[CrossRef]

28. Schären, M.; Kiri, K.; Riede, S.; Gardener, M.; Meyer, U.; Hummel, J.; Urich, T.; Breves, G.; Dänicke, S. Alterations in the Rumen
Liquid-, Particle- and Epithelium-Associated Microbiota of Dairy Cows during the Transition from a Silage- and Concentrate-
Based Ration to Pasture in Spring. Front. Microbiol. 2017, 8, 744. [CrossRef]

29. Kim, S.H.; Mamuad, L.L.; Islam, M.; Lee, S.S. Reductive acetogens isolated from ruminants and their effect on in vitro methane
mitigation and milk performance in Holstein cows. J. Anim. Sci. Technol. 2020, 62, 239. [CrossRef]

30. Lemosquet, S.; Raggio, G.; Lobley, G.E.; Rulquin, H.; Guinard-Flament, J.; Lapierre, H. Whole-body glucose metabolism and
mammary energetic nutrient metabolism in lactating dairy cows receiving digestive infusions of casein and propionic acid. J.
Dairy Sci. 2009, 92, 6068–6082. [CrossRef]

31. Lv, F.; Wang, X.; Pang, X.; Liu, G. Effects of supplementary feeding on the rumen morphology and bacterial diversity in lambs.
PeerJ 2020, 8, e9353. [CrossRef] [PubMed]

32. Gonçalves, P.; Araújo, J.R.; Di Santo, J.P. A Cross-Talk Between Microbiota-Derived Short-Chain Fatty Acids and the Host Mucosal
Immune System Regulates Intestinal Homeostasis and Inflammatory Bowel Disease. Inflamm. Bowel Dis. 2018, 24, 558–572.
[CrossRef] [PubMed]

33. Block, S.S.; Butler, W.R.; Ehrhardt, R.A.; Bell, A.W.; Van Amburgh, M.E.; Boisclair, Y.R. Decreased concentration of plasma leptin
in periparturient dairy cows is caused by negative energy balance. J. Endocrinol. 2001, 171, 339–348. [CrossRef] [PubMed]

34. Myers, M.N.; Zachut, M.; Tam, J.; Contreras, G.A. A proposed modulatory role of the endocannabinoid system on adipose tissue
metabolism and appetite in periparturient dairy cows. J. Anim. Sci. Biotechnol. 2021, 12, 21. [CrossRef] [PubMed]

35. Bines, J.A.; Hart, I.C. Metabolic limits to milk production, especially roles of growth hormone and insulin. J. Dairy Sci. 1982, 65,
1375–1389. [CrossRef] [PubMed]

http://doi.org/10.1007/s11306-018-1362-8
http://www.ncbi.nlm.nih.gov/pubmed/29770108
http://doi.org/10.3389/fnut.2021.701511
http://www.ncbi.nlm.nih.gov/pubmed/34422882
http://doi.org/10.1016/j.foodchem.2011.04.022
http://doi.org/10.4056/sigs.1082860
http://www.ncbi.nlm.nih.gov/pubmed/21304694
http://doi.org/10.1016/j.envint.2019.02.048
http://doi.org/10.3389/fmicb.2019.01116
http://www.ncbi.nlm.nih.gov/pubmed/31191470
http://doi.org/10.1093/bioinformatics/btr507
http://doi.org/10.1038/nmeth.2276
http://www.ncbi.nlm.nih.gov/pubmed/23202435
http://doi.org/10.1038/nmeth.f.303
http://doi.org/10.7717/peerj.2584
http://www.ncbi.nlm.nih.gov/pubmed/27781170
http://doi.org/10.1101/gr.112730.110
http://doi.org/10.1128/AEM.00062-07
http://www.ncbi.nlm.nih.gov/pubmed/17586664
http://doi.org/10.1093/femsec/fiw251
http://doi.org/10.3389/fmicb.2020.01981
http://www.ncbi.nlm.nih.gov/pubmed/32983009
http://doi.org/10.3389/fmicb.2020.00244
http://doi.org/10.3389/fmicb.2018.01842
http://doi.org/10.3389/fmicb.2017.00744
http://doi.org/10.5187/jast.2020.62.1.1
http://doi.org/10.3168/jds.2009-2018
http://doi.org/10.7717/peerj.9353
http://www.ncbi.nlm.nih.gov/pubmed/32596052
http://doi.org/10.1093/ibd/izx029
http://www.ncbi.nlm.nih.gov/pubmed/29462379
http://doi.org/10.1677/joe.0.1710339
http://www.ncbi.nlm.nih.gov/pubmed/11691654
http://doi.org/10.1186/s40104-021-00549-3
http://www.ncbi.nlm.nih.gov/pubmed/33663611
http://doi.org/10.3168/jds.S0022-0302(82)82358-8
http://www.ncbi.nlm.nih.gov/pubmed/6754784


Animals 2023, 13, 782 12 of 12

36. Schleicher, L.; Trautmann, A.; Stegmann, D.P.; Fritz, G.; Gätgens, J.; Bott, M.; Hein, S.; Simon, J.; Seifert, J.; Steuber, J. A Sodium-
Translocating Module Linking Succinate Production to Formation of Membrane Potential in Prevotella bryantii. Appl. Environ.
Microbiol. 2021, 87, e0121121. [CrossRef]

37. Reynolds, C.K.; Huntington, G.B.; Tyrrell, H.F.; Reynolds, P.J. Net metabolism of volatile fatty acids, D-beta-hydroxybutyrate,
nonesterifield fatty acids, and blood gasses by portal-drained viscera and liver of lactating Holstein cows. J. Dairy Sci. 1988, 71,
2395–2405. [CrossRef] [PubMed]

38. Esposito, G.; Irons, P.C.; Webb, E.C.; Chapwanya, A. Interactions between negative energy balance, metabolic diseases, uterine
health and immune response in transition dairy cows. Anim. Reprod. Sci. 2014, 144, 60–71. [CrossRef]

39. Lan, W.; Yang, C. Ruminal methane production: Associated microorganisms and the potential of applying hydrogen-utilizing
bacteria for mitigation. Sci. Total Environ. 2019, 654, 1270–1283. [CrossRef]

40. Tian, Y.; Zhang, H.; Zheng, L.; Li, S.; Hao, H.; Huang, H. Effect of Zn Addition on the Cd-Containing Anaerobic Fermentation
Process: Biodegradation and Microbial Communities. Int. J. Environ. Res. Public Health 2019, 16, 2998. [CrossRef]

41. Wallace, R.J.; Rooke, J.A.; McKain, N.; Duthie, C.A.; Hyslop, J.J.; Ross, D.W.; Waterhouse, A.; Watson, M.; Roehe, R. The rumen
microbial metagenome associated with high methane production in cattle. BMC Genom. 2015, 16, 839. [CrossRef] [PubMed]

42. Kong, F.; Gao, Y.; Tang, M.; Fu, T.; Diao, Q.; Bi, Y.; Tu, Y. Effects of dietary rumen-protected Lys levels on rumen fermentation and
bacterial community composition in Holstein heifers. Appl. Microbiol. Biotechnol. 2020, 104, 6623–6634. [CrossRef]

43. Hua, C.; Tian, J.; Tian, P.; Cong, R.; Luo, Y.; Geng, Y.; Tao, S.; Ni, Y.; Zhao, R. Feeding a High Concentration Diet Induces Unhealthy
Alterations in the Composition and Metabolism of Ruminal Microbiota and Host Response in a Goat Model. Front. Microbiol.
2017, 8, 138. [CrossRef]
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