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Abstract

Background Approximately, one-third of dairy cows suffer from postpartum diseases. Ketosis is considered

an important inducer of other postpartum diseases by disrupting energy metabolism. Although the rumen micro-
biome may be involved in the etiology of ketosis by supplying volatile fatty acids, the rumen environmental dynam-
ics of ketosis cows are unclear. Using multi-omics, this study aimed to elucidate changes in the rumen microbiome
during parturition of ketosis cows and the association between the rumen microbiome and host energy metabolism.
The study included 810 rumen content samples and 789 serum samples from day—21 and 21 relative to calving day
from 61 ketosis cows and 84 healthy cows.

Results In ketosis cows, the rumen bacterial composition after parturition changed dramatically and needed

a longer time to restore. The molar proportions of propionate were lower in ketosis cows than those in healthy
cows on days 3 and 7 and negatively correlated with the serum S-hydroxybutyrate (BHBA) levels. The fermentation
sub-pathway of propionate metabolism and partial glucogenic amino acid pathways were downregulated on day
3. Prevotella, UBA1066, and microbiota diversity indices regulate serum BHBA and glucose (GLU) levels via arginine,
alanine, glycine, or propionate. Propionate administration to ketosis cows potentially decreased the serum BHBA
concentration.

Conclusions Collectively, we found rumen disruption happened after calving among ketosis cows, and insufficient
glycogenic substrates, such as propionate, may be related to ketosis development. The study findings have implica-
tions for the relationship between rumen microbiome dynamics and host energy metabolism, which lays the founda-
tion for the future rumen microbiome investigation for improving postpartum management in Cows.
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Background

Mammals transitioning from pregnancy to lactation
experience marked physiological [1, 2] and metabolic [3]
changes to support fetal and neonatal development and
lactation launch. The overproduction of milk in dairy
cows to levels exceeding the needs of calves is essential
for meeting human food requirements [4]. However,
30-50% of postpartum dairy cows are unable to cope
with the huge output and mobilization of energy and pro-
tein, resulting in metabolic disorders or postpartum dis-
eases (such as ketosis, milk fever, displaced abomasum,
retained placenta, uterine infections, and lameness) [5].
These diseases are a common concern in dairy farms,
causing considerable economic and animal welfare losses
[6]. The average lifespan of dairy cows is only 3 to 4 years
[7], which is remarkably shorter than that of cows under
natural conditions (20 years) [8].

Ketosis is a notorious metabolic disease in postpar-
tum cows and is defined as the overexpression of ketone
bodies and concurrent low blood glucose [9]. More than
20% of postpartum dairy cows exhibit ketosis [10]. An
excessive circulation of ketone bodies is related to com-
promised reproductive and productivity performance
[11] and potentially induces other postpartum diseases
[12, 13]. Maternal effects in ketosis cows consequently
depress growth parameters in the offspring [14]. The
average cost per case of ketosis is US $289 [10]. The
pathogenesis of ketosis has been investigated [9, 12].
After calving, energy output for milking and mainte-
nance increases more rapidly than the increase in energy
intake, creating a negative energy balance and mass body
fat and protein mobilization. The hepatic oxidation of
non-esterified fatty acids (NEFA), which are derived from
adipose stores, can contribute to maintenance and milk-
ing requirements. However, the excess acetyl CoA from
NEFA oxidation uses a limited amount of oxaloacetic
acid in the tricarboxylic acid cycle and produces excess
ketone bodies [9]. Hence, the body’s levels of oxaloacetic
acid and glucose dictate the products of acetyl CoA. For
dairy cows, approximately 90% of glucose is generated
by gluconeogenesis, 50-60% of which is derived from
ruminal propionate [15, 16]. Propionate is produced
from three microbial pathways (fermentation, amino
acid catabolic, biosynthetic pathway) [17, 18]. Hence, its
ruminal production depends primarily on the abundance
and species of microbes. However, it is still unknown if
dynamic changes in the rumen microbiome during the
transition period (3 weeks before and after calving) affect
the occurrence and progression of ketosis.

The rumen microbiome is predominated by fibrolytic
microbes during the peripartum period and by amylo-
lytic and proteolytic microbes during the postpartum
period [19]. Similar to the host, the rumen microbiome
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also needs a transition period (approximately 14 days)
to stabilize after parturition [20]. Interestingly, the
shortening of this transition period using rumen micro-
biota transplantation technology in a previous study
revealed that the rumen microbiome is associated with
host energy metabolism [21]. A large data set including
277 dairy cows also indicated that the rumen microbial
composition presents the variation in ketone bodies bet-
ter than that by host genetics [22]. Indeed, two cross-
sectional studies including ketosis cows on different
days after calving revealed a decrease in the abundance
of propionate-producing microbes [23, 24], whereas
that of butyrate-producing microbes increased in keto-
sis cows, regardless of the time after calving [24]. How-
ever, longitudinal investigations indicate that the rumen
microbiota composition is dramatically altered after
calving [20, 25, 26]. Fecal microbiota analyses of ketosis
cows revealed that the majority of the genes involved in
branched amino acid metabolism in the gut microbiota
are significantly altered on day 14 rather than those on
day 7 [27]. A recent longitudinal study also stressed the
importance of sample collection time [28]. Thus, the con-
clusions of a rumen microbiome study involving dairy
cows in the peripartum period may be dependent on
the sample collection time. Furthermore, the dynamic
changes in carbohydrate and lipid metabolism indices
of transition dairy cows are inconsistent and complex
[11, 19, 29, 30]. For example, longitudinal data of blood
NEFA and S-hydroxybutyrate (BHBA) levels suggest that
the mean times of maximum NEFA and BHBA concen-
trations after calving are day 6.8 and day 9.6, respectively
[29]. Thus, the elevated concentrations of one metabolite
should not be extrapolated to suggest elevated concentra-
tions of the other metabolite. A study investigating the
association between rumination time and milk yield also
reported that the relationship differs across weeks for
postpartum dairy cows [30]. Hence, a large-scale, longi-
tudinal cohort study in dairy cows is needed to determine
the role of the rumen microbiome in carbohydrate and
lipid metabolism during the postpartum period. Addi-
tionally, metagenomics can only reveal the “functional
potential” of a microbiome [31]. Hence, using metabo-
lomics and absolute quantification polymerase chain
reaction (PCR) for metabolite and microbiota profiling in
the rumen can more precisely identify the host-microbi-
ome interactions.

We hypothesized that the special transition way of the
rumen microbiome from parturition to the postpartum
period contributes to ketosis development by regulating
host metabolism. Here, we collected 810 rumen content
samples and 789 serum samples from 61 ketosis cows
and 84 healthy controls from—21 day to+21 day and
integrated the bacterial composition profiles and serum
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energy metabolism indices, along with the rumen fer-
mentation parameters to establish the correlation. Based
on 165 rRNA gene sequencing results, multi-omics
tools (metagenomics sequencing and metabolomics)
were used to further elucidate the potential mechanisms
involved and the role of propionate in ketosis develop-
ment. Our study aimed to elucidate the role of the rumi-
nal microbiome in the energy metabolism of peripartum
cows and understand the pathogenesis of ketosis during
the perinatal period. Our results offer novel strategies
for dairy cow management involving rumen microbiome
intervention to improve metabolic adaptation.

Methods

Animal and experimental design

The experiment was conducted at a commercial dairy
farm (39°93’N, 113°18’E, Datong, China), and all cows
were raised in an intensive system. Initially, this farm had
approximately 7000 Holstein dairy cows and could pro-
vide enough ketosis cows to collect samples in a short
period and reduce environmental interferences. Accord-
ing to the farm protocol, cows are raised in a pen dur-
ing the close-up period and would be transferred to the
delivery pen after calving. The postpartum care was given
in the delivery pen within 1-2 days, which included feed-
ing an oral bolus (Bovikalc bolus, Boehringer Ingelheim,
MO, USA) containing CaCl, and CaSO, (43 g of Ca),
measuring rectal temperature (M900 Thermometer, GLA
Agricultural Electronics, Inc., CA, USA), and drenching
300-mL liquid propylene glycol orally using a drench gun.
After calving, the postpartum cows were transferred to
a lactating pen within 2 days. The feed ingredients and
nutrient compositions are presented in Table S1, and the
formula was prepared according to the nutrient require-
ments of the dairy cattle [32]. After calving, all cows were
fed thrice a day (0800, 1400, and 2000 h) and milked
thrice a day (0700, 1300, and 1900 h).

The experiment was performed between October and
December 2022, and the study design is presented in
Fig. 1. According to the expected calving date, a total
of 211 multiparous Holstein dairy cows were enrolled
in our study. After exclusion, 145 dairy cows were used
in the final analysis (Table S2). For consistency, a fixed
veterinarian director was employed to diagnose all dis-
eases except ketosis. The diseases are defined in Table S2.
Blood samples were obtained via the coccygeal vessels
using blood collection needles and EDTA evacuated
tubes (10 mL, Beijing Hua Xia Heng Yuan Technology
Co., Ltd., Beijing, China) when cows returned to their
pen after morning milking. Immediately after collec-
tion, the BHBA concentrations were measured using a
bovine-specific electronic BHBA handheld meter (Nova
Vet, Nova Biomedical Corporation, MA, USA), which
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was validated for use in dairy cows with high accuracy
and precision [33]. The BHBA concentrations were
measured on days—21, 1, 3, 7, 14, and 21. Cows with a
BHBA level >1.2 mmol/L in at least one blood sample
were diagnosed with ketosis. Finally, a total of 61 dairy
cows were diagnosed with ketosis (KET), and 84 dairy
cows were healthy without any other disease (CON). The
cohort description is presented in Table S3. Based on the
predicted calving day, the means and standard devia-
tions (SDs) of the actual sampling day on day—21 were
day—19.1+3.91 (min~max, 10~31) and-19.4+4.65
(min~max, 11~31) for the CON and KET groups,
respectively. Regardless of the exact hour of the calving
day, samples of day 1 were collected on the day following
parturition.

Production performance

Milk was collected three times a day using the DeLaval
Rotary E500 milking system (Tetra Laval Group, Tumba,
Sweden), and the daily total milk production was calcu-
lated except for day 1. The fixed and professional Cow-
Signals Pro measured body condition scores (BCSs) on
days—21, 1, 3, 7, 14, and 21 using the method of Edmon-
son et al. [34]. BCS was recorded on a scale from 1 (thin)
to 5 (fat) in increments of 0.25. From day—21, we col-
lected diet samples weekly and stored them at—20 °C.
We mixed the diets and analyzed their nutrient composi-
tions, according to a previous study [35]. The results are
shown in Table S1.

Serum collection and parameters measurement

On days—21, 1, 3, 7, 14, and 21, blood samples were col-
lected via the coccygeal vessels using blood collection
needles and no-anticoagulant evacuated tubes (10 mL,
Beijing Hua Xia Heng Yuan Technology Co., Ltd., Bei-
jing, China) when cows returned to their pen after morn-
ing milking. Following this, the samples were centrifuged
(4000x g, 15 min, 4 °C) to obtain serum and stored
at—20 °C to further determine the biochemical indices
after 2 months. The NEFA, glucose (GLU), and triglyc-
eride (TG) levels were determined using a fully auto-
matic biochemical analyzer (GF-D200, Gaomi Analytical
Instrument Co. Ltd., Gaomi, China) combined with com-
mercial kits (A042-2-1, Nanjing Jiancheng Bioengineer-
ing Institute, Nanjing, China). The serum concentrations
of the 20 amino acids were determined according to a
previous study [36].

Rumen content collection and measurement

of fermentation parameters

The overview of samples is shown in Fig. S1. On
days—21, 1, 3, 7, 14, and 21, we collected the rumen
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Prospective nested case-control study:
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Fig. 1 Schematic representation of the study cohort design and the analysis process flow

content samples via oral intubation (Wuhan Anscitech
Animal Husbandry Technology Co., Ltd., Wuhan, China)
and 50-mL injector (Beijing Hua Xia Heng Yuan Tech-
nology Co., Ltd.) when cows returned to their pen after
morning milking. A total of 810 rumen fluid samples
were used in this study (Fig. S1). The initial 50-mL rumen
content was discarded to avoid saliva contamination, and

the subsequent 50 mL from individual cows was immedi-
ately used to measure the pH value using a Testo 206 pH
meter (Testo, Inc., PA, USA). Further, 15-mL aliquot was
stored in a storage tube at —20°C to measure rumen fer-
mentation parameters, and a 1.8-mL aliquot (n=3) was
stored in a storage tube at —80°C for 16S rRNA, metabo-
lome, and metagenome sequencing after 2 months. The
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concentrations of volatile fatty acids (VFA) including
acetate, propionate, butyrate, isobutyrate, valerate, and
isovalerate were analyzed using the method of Wang
et al. [37]. Briefly, the rumen fluid samples were thawed
at 25 °C and centrifuged for 15 min at 16,000xg at 4°C
(centrifuge 5804R, Eppendorf Corporate, Oldenburg,
Germany). We removed 1-mL supernatant into a 1.5-mL
centrifuge tube and added 200-uL metaphosphoric acid
(25%, v/v, Beijing Yili Fine Chemicals Co., Ltd., Beijing,
China). After incubation on an ice bath for 30 min, the
mixture was centrifuged for 10 min at 16,000 x g at 4°C
(centrifuge 5804R, Eppendorf Corporate). Finally, we
removed 1-mL supernatant into an injection bottle with
a cap and analyzed the VFA concentrations and profiles
using an Agilent G689N gas chromatograph and Agi-
lent G7683 autosampler (Agilent Technologies, Inc., CA,
USA). Individual standard VFA samples with 99% purity
were used (Sigma A6283, Sigma P1386, Sigma 11754,
Aldrich B103500, Aldrich 129542, Sigma V9759, Merck
KGaA, Darmstadt, Germany).

DNA extraction, 16S rRNA gene sequencing, and data
processing

DNA in the rumen content from days—21, 1, 3, 7, 14, and
21 was extracted using a DNeasy PowerSoil Kit (cat. no.
47014, Qiagen, Hilden, Germany) and used for 16S rRNA
gene and metagenome sequencing. The quantity and qual-
ity of the extracted DNA were evaluated using a NanoDrop
NC2000 spectrophotometer (Thermo Fisher Scientific Inc.,
MA, USA), and the results are presented in Table S4. For
16S rRNA sequencing, the V3-V4 region of the bacterial
16S rRNA was PCR amplified using 20-ng DNA and Plati-
num Hot-Start PCR master mix (Thermo Fisher Scientific
Inc.), 338F (5-ACTCCTACGGGAGGCAGCA-3’), and
806R  (5'-GGACTACHVGGGTWTCTAAT-3"). PCR
amplicons were purified with Vazyme VAHTS" DNA
Clean Beads (Vazyme Biotech Co., Ltd.,, Nanjing, China).
Finally, pair-end 2x250-bp sequencing was performed on
the NovaSeq 6000 platform (Illumina, Inc., CA, USA).

For 16S rRNA sequencing, the raw data was processed
using QIIME 2 (v 2023.5) [38]. First, raw sequence data
were demultiplexed using the demux plugin followed
by primer cutting with cutadapt plugin [39]. Further,
we used DADA2 plugin to merge, denoise paired end
reads, and remove chimera [40]. Non-singleton ampli-
con sequence variants were aligned with mafft [41]. Tax-
onomy was assigned to the amplicon sequence variant
(ASV) using the Naive-Bayes classifier in the feature-
classifier plugin and against the SILVA database (v 138)
[42]. Before diversity analysis, all samples were rarefied
to 31,239 (95% read count of sample with minimum read
count, Fig. S2). Raw data have been deposited in the NCBI
database (PRJNA1116614, SRR29185432—-SRR29186241).
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Absolute quantification PCR

Thirteen cows per group were selected for absolute quan-
tification (AQ) of the rumen microbiome using AQ-PCR.
DNA in the rumen samples from days 3, 7, and 14 was
extracted using the Mag-Bind Soil DNA Kit (200) (cat.:
M5635-02, Omega Bio-tek, Inc., GA, USA). The con-
centration and purity of microbial DNA were measured
using ND-2000 (Thermo Fisher Scientific Inc.), and the
results are presented in Table S5. AQ-PCR was per-
formed as described by Adebayo et al. [43]. The forward
and reverse primers used were as follows: 5'-ACTCCT
ACGGGAGGCAG-3" (F) and 5'- GACTACCAGGGT
ATCTAATC-3" (R) for bacteria [44], 5'-GCTTTCGW T
GGTAGTGTATT-3’ (F) and 5-CTTGCCCTCYAATCG
TWCT-3" (R) for protozoa [45], 5'-CCGGAGATGGAA
CCTGAGAC-3’ (F) and 5-CGGTCTTGCCCAGCT
CTTATTC-3" (R) for methanogens [46], and 5'-GAG
GAAGTAAAAGTCGTAACAAGGTTTC-3" (F) and
5 -CAAATTCACAAAGGGTAGGATGATT-3" (R) for
fungi [47]. Samples were assayed in triplicate, and the
standard curves met the following requirements: R>0.99
and amplification efficiency>80%. The final copy num-
bers of individual microbes per gram of dry matter of
solid contents were determined.

Metagenomic sequencing and data processing

Rumen samples on days 3, 7, and 14 from the 13 cows
used for AQ-PCR were randomly selected from each
group for metagenomics analysis. The extracted total
DNA was processed to construct metagenome shotgun
sequencing libraries with insert sizes of ~400 bp using
INlumina TruSeq Nano DNA LT Library Preparation
Kit (Illumina, USA). Each library was sequenced using
an Illumina NovaSeq" X Plus platform (Illumina, USA)
with PE150 strategy at Personal Biotechnology Co., Ltd.
(Shanghai, China).

For metagenomics data processing, sequencing
adapters were removed from raw reads using Cutadapt
(v 1.2.1) [48]. Then, low-quality reads were trimmed
using a sliding-window algorithm in fastp (v 0.23.2)
[49]. Reads were aligned to the bovine genome using
Minimap2 (v2.24-f1122) to remove host contamina-
tion [50]. Following this, taxonomical classifications of
metagenomic sequencing reads from each sample were
performed using Kaiju (v1.9.0) against a GTDB-derived
database (v 207) [51]. Reads assigned to metazoans or
viridiplantae were removed for downstream analysis.
Megahit (v1.1.2) was used for the assembly of reads in
each sample using the meta-large preset parameters
[52]. The generated contigs were pooled together and
clustered using Mmseqs2 (v15) with “easy-linclust”
mode, setting the sequence identity threshold to 0.95
and covering residues of the shorter contig to 90% [53].
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The lowest common ancestor taxonomy of the nonre-
dundant contigs was obtained by aligning them against
the NCBI-nt database using mmseqs2 with “taxonomy”
mode, and contigs assigned to Viridiplantae or Metazoa
were dropped in the following analysis. Prodigal (v2.6.3)
was used to predict the genes in the contigs [54]. CDS
sequences of all samples were clustered using the “easy
cluster” mode of mmseqs2, setting the protein sequence
identification threshold to 0.95 and covering residues of
the shorter contig to 90%. Then, the reads were mapped
onto the predicted gene sequences using Minimap2 and
featureCounts to count the number of reads aligned
to the gene sequences for each gene [55]. The unit of
abundance was present and calculated as transcripts
per kilobase per million mapped reads (TPM). The
functionality of the nonredundant genes was obtained
by annotation using mmseqs2 with the “search” mode
against the Kyoto Encyclopedia of Genes and Genomes
(KEGG) and CAZy protein databases. KO was obtained
using KOBAS [56]. Raw data have been deposited in
the NCBI database (PRJNA1116614, SRR29188398—
SRR29188472, SRR29188744, SRR29188745).

Metabolomics sequencing and data processing

Samples used for metagenomics sequencing were also
selected for metabolomics analysis. A total of 100-
puL rumen content was taken and mixed with 400-uL
extraction solution (MeOH: CAN, 1:1 (v/v)). Then,
the mixed solution was vortexed for 30 s, sonicated
for 10 min in a 4°C water bath, and incubated for 1 h
at—40°C, for protein separation. The samples were
then centrifuged at 13,800 X g for 15 min at 4°C, and the
supernatant was transferred into a glass vial for further
analysis. The quality control samples were used to eval-
uate system stability and data reliability. The samples
were analyzed in both positive and negative modes of
electrospray tandem mass spectrometry. Analyses were
performed using Vanquish UHPLC (Thermo Fisher
Scientific Inc., MA, USA) coupled with an Orbitrap
Exploris 120 mass spectrometry (Thermo Fisher Sci-
entific Inc., MA, USA). Raw MS data were converted
to MzXML files using ProteoWizard MS Convert, and
the XCMS R package using R (version 4.3.1) was used
to detect feature retention time correction and align-
ment. The MS/MS data identified were matched with
the BiotreeDB database (v3.0).

Sodium propionate supplementation experiment

This experiment was conducted in another commercial
dairy farm (37°29'N, 114°54’E, Xingtai, China), which
housed approximately 8000 Holstein dairy cows and
could provide sufficient ketosis cows to collect samples
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in a short period. Precisely, the peripartum cows which
were disease-free during the last parity were enrolled in
this experiment. On day 7 after calving, blood samples
were obtained via the coccygeal vessels using blood col-
lection needles and no-anticoagulant evacuated tubes
(10 mL, Beijing Hua Xia Heng Yuan Technology Co., Ltd.,
Beijing, China) when cows returned to their pen after
morning milking. The BHBA concentrations were meas-
ured as mentioned above until 10 ketosis cows were ana-
lyzed. We assigned these cows into two groups according
to parity and milk production in the last parity. The
ketosis + sodium propionate (SP) group (mean + SD: par-
ity, 3.4+0.89; milk production, 11,159+ 1068.6 kg) was
administered 240 g/day sodium propionate (Shandong
Guante Biological Engineering Co., Ltd., Heze, China).
Sodium propionate (120 g) was dissolved in 350-mL
water and fed to the cows. The applications were admin-
istered orally twice a day during morning and evening
feeding from day 7 to day 14 after calving. The ketosis
group (meanz=SD: parity, 3.0+0.71; milk production,
11,346 + 1338.6 kg) served as the placebo (700-mL water
per day).

During days 7 to 14, blood samples were collected via
the coccygeal vessels using blood collection needles and
no-anticoagulant evacuated tubes (10 mL, Beijing Hua
Xia Heng Yuan Technology Co., Ltd., Beijing, China)
when cows returned to their pen after morning milking
and before administering SP. The GLU concentration was
measured via a bovine-specific electronic GLU hand-
held meter (CentriVet GK, ACON Biotechnology Co.,
Ltd, Hangzhou, China), and BHBA concentrations were
measured as mentioned above. On days 7, 8, 10, 12, and
14, rumen samples were collected when cows returned to
their pen after morning milking, and before administer-
ing SP, and were used to analyze VFA concentrations as
described above.

Statistical and bioinformatic analyses

The background information was compared between
two groups using a two-sided Mann—Whitney U-test.
The production performance data (milk production
and BCS), serum energy indices, rumen fermenta-
tion parameters (pH and VFA), and AQ-PCR data on
day — 21 were analyzed using ¢-test, and these data on
days 1, 3, 7, 14, and 21 were analyzed together using the
PROC MIXED procedure of SAS version 9.4 (SAS Insti-
tute Inc., Cary, NC, USA). Fixed effects included treat-
ment, time, and the interaction of treatment and time.
The cow was included as a random effect. The results
were visualized using GraphPad Prism 9.3 (GraphPad,
MA, USA). The VFAs were presented as the molar
proportion (%) and concentrations (mmol/L). Mantel
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and correlation analysis between serum parameters
and rumen fermentation parameters were conducted
and visualized on the Genes Cloud platform (https://
www.genescloud.cn). P-value<0.05 was considered
significant.

For 16S rRNA sequencing data, alpha-diversity indi-
ces including Shannon and Chaol at the ASV level were
calculated using QIIME2 (v 2023.5) [38] and visual-
ized using GraphPad prism 9.3 (GraphPad, MA, USA).
Beta-diversity analysis was performed among different
groups and time points to reveal the dissimilarity of bac-
terial communities using PERMANOVA analysis based
on the Bray—Curtis method and visualized via princi-
pal coordinate analysis (PCoA). Furthermore, PC1 and
PC2 were centroids with standard error of the mean
(SEM) to expose the external differences. Next, PER-
MANOVA analysis based on the Bray—Curtis method
was used to calculate the dissimilarity between subse-
quent time points in each group. Dirichlet multinomial
mixtures (DMM) was used to determine the key phases
of bacterial progression [57], which bins samples based
on bacterial community structure using R code (version
4.3.1) modified from Stewart et al. [58]. The appropriate
number of clusters was determined based on the low-
est Laplace approximation score. A heatmap was used
to show the relative abundances of the bacterial compo-
sition of different clusters in R (version 4.3.1). The top
20 genera that contributed the most to the accuracy
of the DMM are shown in the order of importance in
Cleveland’s dot plot. The number of samples occupy-
ing a DMM cluster at each point was plotted to visual-
ize temporal changes in community types during the
peripartum period. The inter-cluster transition rate was
quantified and visualized using a Markov chain based on
an R script [59] (version 4.3.1).

For metagenomics sequencing data, the propor-
tion of bacteria, eukaryotes, archaea, and viruses, and
a-diversity based on the read level of each sample were
calculated, to maximize the utilization of sequencing
data and then compared using the Wilcoxon test with
P<0.05 being considered as significant. Following this,
we used Procrust analysis to show the significance of
group separation using PCoA. Then, Linear discriminant
analysis Effect Size (LEfSe) analysis was used to filter the
significantly altered KEGG pathways at different time
points. The threshold was linear discriminant analysis
(LDA) score>2. Spearman correlation was conducted
among different genera. P-value<0.05 was considered
statistically significant. The fold change used in this study
was calculated as KET/CON. The propionate metabolism
pathway was divided into three sub-pathways according
to previous studies [17, 18].
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For metabolomics data, orthogonal projections to
latent structures discriminant analysis were used to cal-
culate variable importance for the projection (VIP) value.
Wilcoxon test was applied to calculate statistical sig-
nificance. The metabolites with VIP>1 and P<0.05 were
considered differential metabolites at each time point.
The functions of these metabolites were then matched
against the KEGG database. Different abundance score
plot was used to explore the up or downregulated
pathways.

The mediating effect model (MEM) was used to con-
struct the regulation (model rumen microbial taxa-
metabolites-host energy metabolism) by process plugins
in SPSS (v29, Hangzhou, China) [60]. The Shannon and
Chaol indices and taxa which predominantly contrib-
uted to propanoate metabolism and amino acid metabo-
lism (contribution rate > 1%) were enrolled in this model
as dependent variables. Metabolites including propionate
and significantly different glucogenic amino acids were
considered as mediators. BHBA and GLU were consid-
ered as dependent variables.

Results

Rumen microbial fermentation was associated with energy
metabolism

We prospectively included 211 dairy cows before calving,
61 of which eventually developed ketosis, as diagnosed
based on the serum BHBA levels after calving (Fig. 1).
The 84 healthy cows served as the control group. Ini-
tially, we determined the serum BHBA, GLU, NEFA, and
TG concentrations, to characterize the dynamic changes
in energy metabolism during the peripartum period
(Fig. 2a). The postpartum data analyzed using the MIXED
procedure is presented in Table S6. The postpartum aver-
age BHBA concentration was significantly higher, and the
postpartum average GLU concentration was significantly
lower in the KET group than those in the CON group
(Fig. 2a, Table S6). The average maximum value of BHBA
was observed on day 14 in the KET group. Conversely,
the average minimum value of GLU was observed on day
14 (Fig. 2a). There was no difference in milk production
between the groups (Fig. S3a). The average NEFA concen-
tration in the KET group was higher than that in the CON
group during the postpartum period (Fig. 2a, Table S6).
Moreover, an interaction between time and treatment was
observed for BCS, and it was lower in the KET group than
that in the CON group on day 21 (Fig. S3b).

Except for butyrate and “other VFA” proportions,
all rumen fermentation parameters were significantly
affected by treatment (Fig. 2b, c, d, e). The average rumen
pH during postpartum was higher in the KET than that
in the CON group (Table S6). The total VFA (TVFA),
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acetate, propionate, butyrate, and other VFA concen-
trations were significantly higher in the CON group
than those in the KET group (Table S6). An interaction
between time and treatment was detected for the ace-
tate-propionate (A-P) ratio (Fig. 2d). Particularly on days
3 and 7, the A-P ratio was higher in the KET group than
that in the CON group. The propionate concentration
and proportion were affected by the interaction between
time and treatment (Fig. 2c and e). The average propion-
ate proportion during the postpartum period in the KET
group was lower than that in the CON group (Table S6).
The propionate concentrations on days 1 and 3 (Fig. 2c),
and propionate proportions on days 3 and 7 (Fig. 2e),
were significantly lower in the KET group than those in
the CON group. Further, we performed Mantel analy-
sis between VFA proportion, concentration, and serum
indices (Fig. 2f). The findings revealed that the VFA pro-
portion and concentration correlated with BHBA and
GLU concentrations (Fig. 2f). Among individual VFAs,
the propionate concentration negatively correlated with
the BHBA concentration and had the maximum r-value
among all the other VFAs (Fig. 2g).

Special transition way of rumen bacteria in ketosis cows

We further sequenced the bacterial composition and
diversity for all the rumen samples. Following quality
control processes and bioinformatic processing, a total of
810 rumen samples from 145 dairy cows were included
to investigate temporal changes in rumen bacterial pro-
files. The median read count was 65,020 (IDR: 57,004—
73,054, Fig. S2). Firstly, compared to the CON group,
the KET group showed a higher Shannon index on days
7, 14, and 21 and a higher Chaol index on days 7 and
21 (Fig. 3a). Moreover, beta-diversity comparison using
PCoA via Bray-Curtis distance and PERMANOVA
methods revealed that the KET group differed signifi-
cantly from the CON group on days 1, 3, 7, 14, and 21,
and the difference increased with time (Fig. 3b). Finally,

(See figure on next page.)
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dissimilarity analysis between two time points showed
that the dissimilarities from day—21 to day 1 and day 1
to day 3 were higher in the KET group than those in the
CON group and subsequently decreased from day 3 to
day 7 and day 7 to day 14 (Fig. 3¢).

To identify changes in the bacterial composition during
the peripartum period, we performed unsupervised clus-
tering of taxonomic data into different types using DMM.
The 11 DMM clusters were determined according to the
lowest Laplace approximation (Fig. S4a). The top 30 most
abundant genera in each sample were clustered by com-
munity types (Fig. 3d), and the top 20 most important
genera for clustering rumen bacterial communities are
presented in Fig. 3e. Prevotella was the predominant genus
involved in clustering (Fig. 3e), and clusters 5 and 6 were
dominant before calving in both the KET and CON groups
(Fig. 3f, g). After calving, majority of the CON group cows
were present in cluster 8 on day 1 and quickly transitioned
to clusters 1, 3, and 4 on day 3 and reached clusters 1, 2,
and 3 on day 7 (Fig. 3f). Finally, most of the cows transi-
tioned to clusters 2, 7, and 9 on days 14 and 21 (Fig. 3f).
Compared with the CON group, most of the cows in the
KET group were present in clusters 10 and 11 on days 1
and 3 (Fig. 3g). Subsequently, these cows transitioned to
cluster 1 on day 14, which was later than that for the CON
group (day 7) (Fig. 3g). On day 21, the KET group mainly
included clusters 2, 7, and 9, similar to the CON group
(Fig. 3g). To quantify the shift of different clusters during
the peripartum period, we used a Markov chain-based
approach to model the enterotype transition probabilities
(Fig. S4b, c). In the KET group, cluster 10 was connected to
clusters 5, 6, and 8 and clusters 1 and 4 (Fig. S4c).

Dynamic changes in rumen microbiota composition

The 16S rRNA sequencing for the big data set revealed
that dairy cows with ketosis exhibited a special dynamic
change in rumen bacteria. Hence, we further performed
AQ-PCR and metagenomics to determine alterations in

Fig. 2 Changes and associations of rumen microbial fermentation and energy metabolism in healthy (CON) and ketosis (KET) cows

during the peripartum period. a Longitudinal change in serum energy metabolism indices, including B-hydroxybutyrate (BHBA), glucose (GLU),
non-esterified fatty acid (NEFA), and triglyceride (TG) in ketosis and healthy cows during the peripartum period. Lowness was used to create

a smooth line. Data are presented as mean + standard error of mean (SEM). Statistical significance was calculated for day-21 data using unpaired
two-tailed t-tests. A mixed model was used to analyze the postpartum data. *P < 0.05; **P<0.01; ***P<0.001. b, d Longitudinal change in pH

and ratio of acetate to propionate concentration in ketosis and healthy cows during the peripartum period. Lowness was used to create a smooth
line. Data are presented as mean =+ SEM. Statistical significance was calculated using unpaired two-tailed t-tests. *P < 0.05; **P < 0.01; ***P<0.001.

¢, e Longitudinal changes in concentration and proportion of volatile fatty acid (VFA) in the ketosis and healthy cows during the peripartum
period. Boxplots represent the 10th and 90th percentiles. Data are presented as mean + SEM. Statistical significance was calculated for day-21 data
using unpaired two-tailed t-tests. A mixed model was used to analyze the postpartum data. *P<0.05; **P<0.01; ***P<0.001. f Mantel test analysis
between serum indices and VFA proportion and concentration in the (n=745). Color gradients indicate Pearson’s correlation coefficients. Edge
width corresponds to the Mantel's r-value, and edge color denotes the statistical significance. *P <0.05; **P < 0.01; ***P <0.001. g Pearson correlation
between individual VFA proportions and serum BHBA concentration in the KET group (n=308). The shaded areas surrounding the lines indicate

the 90% confidence intervals
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Fig. 2 (Seelegend on previous page.)

the functions and composition of microbes. Only the copy
number of bacteria was significantly affected by treatment
and interaction (Fig. 4a). The average copy number of bac-
teria during the postpartum period was lower in the KET
group than that in the CON group (Table S6), particularly

BHBA concentration, mmol/L

on days 7 and 21 (Fig. 4a). Further, the proportion of
microbes calculated using metagenomics based on read
count showed that the proportion of individual microbes
was not significantly different (Fig. 4b). The Chaol index
of bacteria was higher in the KET group than that in the
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Fig. 3 Overview of the transition way of rumen bacteria diversity and composition in ketosis (KET) and healthy (CON) cows during the perinatal
period. a Dynamic change in Shannon and Chao' indices. The alpha-diversity indices were calculated based on the amplicon sequence variant
(ASV) level. Data are presented as mean + SEM, and every point represents one sample. Statistical significance was calculated using the two-tailed
Wilcoxon rank test. *P < 0.05; **P < 0.01; ***P<0.001. b The principal coordinate analysis (PCoA) of Bray—Curtis dissimilarities obtained on the ASV
level. The red data labels indicate the KET group, and the black data labels indicate the CON group. The circles and error bars indicate the mean
and SEM of the mean. P-values for the comparison of rumen bacterial composition on the day—21, 1, 3,7, 14, and 21 are 0.139, 0.004, 0.005, 0.001,
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of genera for each sample. Samples are grouped using Dirichlet multinomial mixtures (DMM) cluster to visualize the genera enriched or reduced
on an average in each DMM cluster. e Cleveland plot shows the 20 genera in order of importance which contributed to the accuracy of the DMM.
f, g Dot flow diagram showing the temporal progression of microbiota cluster membership. Transitions between clusters are plotted. The transition
rate is determined by dividing the number of transitions towards a given cluster by the total number of transitions within each time window. Edges
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Fig. 4 Dynamic changes in the rumen microbial profile in ketosis (KET) and healthy (CON) cows during the perinatal period. a Absolute
quantification of rumen microbiota using PCR from prepartum to postpartum. Lowness was used to create a smooth line. Data are presented

as mean + SEM. Statistical significance was calculated for day-21 data using unpaired two-tailed t-tests. A mixed model was used to analyze

the postpartum data. *P<0.05; **P < 0.01; ***P<0.001. b Relative quantification of rumen microbiota based on the read count using metagenomics
on days 3, 7, and 14. The boxplots show the mean (centerline), quartiles (box limits), and max to min range (whiskers). Dots correspond to individual
samples. P-values were calculated using the two-tailed Wilcoxon rank-sum test. *P < 0.05; **P < 0.01; ***P<0.001. ¢ Alpha diversity of bacteria

and archaea on days 3, 7, and 14. The Shannon and Chao' indices were calculated based on the read counts. The boxplots show the mean
(centerline), quartiles (box limits), and max to min range (whiskers). Dots correspond to individual samples. P-values were calculated using

the two-tailed Wilcoxon rank-sum test. *P < 0.05; **P < 0.01; ***P<0.001

CON group on day 7 (Fig. 4c). Compared to the Shannon
indices of eukaryote and viruses (Fig. S5), the Shannon
index of bacteria was higher in the KET group than that
in the CON group on days 3 and 7. The Shannon index
in Archaea was higher in the KET group than that in the
CON group on day 14 (Fig. 4c).

Microbial functions of amino acid and carbohydrate
metabolism decreased in ketosis dairy cows

Gene level expression based on TPM revealed that the
microbiota was significantly different between the two
groups on days 3, 7, and 14, while the microbiota function

was altered only on day 3 (Fig. 5a). M2 from Procrustes
analysis also indicated inconsistencies in the composi-
tion and function on days 3, 7, and 14 (Fig. 5a, M2>0.6).
Thus, we further filtered the functions enriched in dif-
ferent groups, and the results revealed that the number
of significantly different functions of rumen microbiota
decreased from day 3 to 14 (Fig. 5b). However, no com-
mon significantly different pathway was found among the
three time points (Fig. 5c). The different pathways mainly
included metabolism at KEGG level 1 (Fig. 5d).

Fold change revealed that pathways at KEGG level 3,
including long-term potentiation, glutamatergic synapse,
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various types of N-glycan biosynthesis, glycosamino-
glycan degradation, DNA replication, base excision
repair, mismatch repair, and homologous recombina-
tion, were enriched in the KET group. These pathways
mainly included glycan biosynthesis and metabolism,
replication, and repair at KEGG level 2 (Fig. 5e). Further,
pathways from the LefSe analysis enriched in the CON
group were visualized using a heatmap (Fig. 5f). These
belonged to metabolism pathways, wherein metabo-
lism of starch and sucrose, glyoxylate and dicarboxylate,
and propanoate belong to carbohydrate metabolism,
and arginine biosynthesis, lysine biosynthesis, tyrosine
metabolism, phenylalanine metabolism, phenylalanine,
tyrosine and tryptophan biosynthesis belong to Amino
acid metabolism (Fig. 5f).

Glucogenic amino acids and their metabolic pathways
were downregulated in the rumen of ketosis cows

The metabolite profiles of the rumen microbiome were
determined using metabolomics. After filtering the sig-
nificantly different metabolites, the significantly altered
pathways were identified (Fig. 6a). Interestingly, protein
digestion and absorption and several amino acid metab-
olism pathways including lysine degradation, alanine,
aspartate, and glutamate metabolism, and beta-alanine
metabolism were upregulated on day 3 in the CON
group. The pathways common among the three-time
points were autophagy — animal, autophagy — other,
glycosylphosphatidylinositol-anchor biosynthesis, Kaposi
sarcoma-associated herpesvirus infection, purine metab-
olism, pyrimidine metabolism, and retrograde endocan-
nabinoid signaling (Fig. 6b). We further filtered pathways
which were significant based on both metagenomics and
metabolomics at individual time points. Among these,
glycerophospholipid metabolism, pantothenate and
CoA biosynthesis, and starch and sucrose metabolism
were significant on day 3 and antifolate resistance on
day 7 (Fig. 6¢c). Considering the consumption of a high-
starch diet (22.61% starch) during the postpartum period
(Table S1), carbohydrate metabolism was affected in the
KET group.

(See figure on next page.)
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We summarized the fold change (KET/CON) of meta-
bolic pathways in all amino acids using rumen metagen-
omics, the abundance of ruminal amino acids using
metabolomics, and the serum amino acid concentrations
(Fig. 6d). In the KET group, the rumen microbial path-
ways including arginine biosynthesis, phenylalanine,
tyrosine, tryptophan biosynthesis, and tyrosine metabo-
lism pathways were significantly downregulated on day
3. The ruminal concentrations of glucogenic amino acids
including arginine, alanine, glycine, and tyrosine were
significantly decreased on day 3 in the KET group com-
pared to those in the CON group (Fig. 6d). Meanwhile,
the serum concentrations of histidine and glucogenic
amino acids, including arginine and alanine, decreased
on days 3, 7, and 14 in the KET group than those in the
CON group. The serum total amino acid (TAA) concen-
tration decreased on days 3 and 7 in the KET group than
that in the CON group.

The fermentation pathway to produce propanoate

was downregulated in the rumen of ketosis dairy cows
Among the significantly different pathways, the relative
carbohydrate metabolism pathways were downregulated
in the KET group (Fig. 7a). After dietary intake, cellu-
lose, hemicellulose, pectin, and starch in feedstuffs were
degraded by ruminal microbes (Fig. 7a). Further, pro-
panoate can be produced via three microbial pathways.
Comparisons of the relative abundance of CAZyme genes
are shown in Fig. S6, and the relative abundance of car-
bohydrate esterases (CE) was lower on day 3 in the KET
group than that in the CON group.

We calculated the percentage of genes involving indi-
vidual propanoate sub-pathways using metagenomics.
Among all rumen fluid samples, the average abundance
of amino acids catabolic, fermentation, and biosynthetic
pathways accounted for 57.25, 33.78, and 8.97% of the
total abundance, respectively (Fig. 7b).

Moreover, the fold change (KET/CON) in the enzymes
of genes identified using metagenomics, and metabolites
identified using metabolomics, was determined (Fig. 7c).
The abundance of three enzymes involved in isoleucine

Fig. 5 Dynamic changes in microbial functions of the rumen in ketosis (KET) and healthy (CON) cows during the postpartum period. a

Procrustes analysis and PERANOVA based on PCoA and Bray-Curtis to test the consistency between function and composition of the rumen
microbiota on days 3, 7, and 14. The microbial function (hollow circle) and composition (solid circle) for each sample were connected by a line.

P <0.05 for Procrustes was considered as consistency between composition and function. P < 0.05 for PERANOVA was considered a significant
separation between the two groups at each time point. b Linear discriminant analysis effect size analysis identifying significantly different
pathways between the two groups on days 3, 7, and 14. The cutoff value was linear discriminant analysis (LDA) > 2 and P < 0.05. ¢ Venn plot to find
the common significantly different pathways on days 3, 7, and 14. d The profiles of significantly different pathways on Kyoto Encyclopedia of Genes
and Genomes (KEGG) level 1 from different time points. e The fold change of pathways enriching in the KET group using LefSe analysis. The data
was calculated by log,(KET/CON). f Heatmap plot of normalized relative abundance of metabolism pathways enriched in the CON group using

LefSe analysis. Data are presented based on Z-score normalization
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Glucogenic amino acids and their metabolic pathways were downregulated in the rumen of ketosis cows. a The top 30 significantly different

pathways on days 3, 7, and 14 after calving were determined using metabolomics. The pathways are sorted based on the number of differential
metabolites. The differential abundance scores of — 1 and 1 indicate downregulated (red) and upregulated (blue) pathways, respectively, in the KET
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from metabolomics and microbial gene abundance of their pathways from metagenomics on days 3, 7, and 14. P-values were calculated using

the two-tailed Wilcoxon rank-sum test. *P < 0.05; **P < 0.01; ***P < 0.001
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catabolism and two enzymes in valine catabolism were
significantly higher in the KET group than those in the
CON group on day 7. In threonine catabolism, the levels
of EC: 4.3.1.17 on day 14 and EC: 4.3.1.19 on day 3 were
higher in the CON group than those in the KET group.
Only one enzyme (EC: 6.4.1.2) in the biosynthetic path-
way was downregulated in the KET group on day 3. For
the fermentation pathway, the levels of three enzymes
were significantly reduced, and that of one enzyme
tended to be lower on day 3 in the KET group than those
in the CON group. Moreover, the levels of two enzymes
on day 7 and one enzyme on day 14 were reduced in the
KET group. Finally, the products from three pathways
were included in the propionyl-CoA pathway, and the
abundance of EC: 2.7.2.1 and EC: 2.3.1.8 on day 3 were
significantly lower in the KET group than those in the
CON group.

The mediating effect model revealed that the rumen
microbiota resulted in ketosis by decreasing the supply
of glucogenic amino acids and propionate
Propionate and glucogenic amino acids are the pre-
cursors of GLU. Hence, we used MEM to elucidate the
relation among the microbes, their metabolites, and
GLU or BHBA, to clarify the pathogenesis. Firstly, we
filtered the genera that predominantly contributed to
amino acid and propanoate metabolism (contribu-
tion level >1%) (Table S7). After difference analysis, the
abundance of seven genera, including Prevotella, Rumi-
nococcus E, UBA1066, Sodaliphilus, CAG-103, Succini-
clasticum, and Porcincola, significantly reduced on one of
the days 3, 7, and 14 and contributed to both amino acid
and propanoate metabolism. In particular, the change
matrix indicated that the abundances of all these genera
were significantly decreased in the KET group on day 3
(Fig. 8a). The relative abundances of Prevotella on day 7
and CAGIO03 on day 14 also decreased (Fig. 8a). Then,
correlation analysis also revealed many positive correla-
tions among these genera (Fig. 8b).

Finally, MEM showed that independent variables, includ-
ing Prevotella, UBA1066, Chaol, and Shannon indices,

(See figure on next page.)
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correlated with mediating variables including propionate,
arginine, glycine, and alanine, which eventually correlated
with BHBA and GLU concentrations (Fig. 8c). The inde-
pendent variables also had direct effects on BHBA and
GLU concentrations (Fig. 8c). Arginine, propionate, and
alanine were negatively associated with the BHBA concen-
tration, and propionate was positively associated with the
GLU concentration (Fig. 8c). According to the MEM condi-
tions, 10 mediating effects were established, among which
6 were completely mediating effects (Prevotella — argi-
nine - BHBA, UBA1066 — propionate - BHBA, Shan-
non — Propionate - BHBA, UBA 1066 — Propionate - GLU,
Chaol — Propionate - GLU, and Shannon — Propion-
ate— GLU), 2 were partially mediating effects (Chaol — gly-
cine » BHBA and Chaol — propionate - BHBA), and
2 were masking effects (Chaol —arginine—BHBA and
Chaol —alanine—BHBA) (Fig. 8d). Collectively, arginine
potentially mediated the associations between Prevotella
and BHBA and Chaol and BHBA (Fig. 8d). Propionate
potentially mediated the associations between uba1066 and
BHBA, Chaol and BHBA, Shannon and BHBA, UUBA1066
and GLU, Chaol and GLU, and Shannon and GLU (Fig. 8d).
Alanine and glycine potentially mediated the association
between Chaol and BHBA (Fig. 8d).

Feeding sodium propionate to ketosis cows to validate

the role of rumen microbiota and its metabolites

in the development of ketosis

Ketosis cows were filtered on day 7 after calving and fed
SP from day 7 to day 14 (Fig. 9a). The dynamic change in
blood BHBA, GLU, and rumen VFAs concentrations are
presented in Fig. 9, and the results of statistical analysis
are presented in Table S8. After feeding SP, the average
BHBA concentration was lower, and the average GLU
concentration was higher in the ketosis+ SP group than
those in the CON group (Table S8). The BHBA and GLU
concentrations were affected by the interaction between
time and SP treatment (Fig. 9b and c). We found that the
BHBA concentration decreased from day 7 to day 14 in
the ketosis+SP group (Fig. 9b). The BHBA concentra-
tion was lower in the ketosis+SP group than that in the

Fig. 8 Mediating effect model revealed the serum BHBA and GLU concentrations regulated by the genera and diversity of rumen microbiota

by decreasing the supply of glucogenic substrates. a Fold change matrix for the fold change (KET/CON) of genera which contributed to the amino
acid and propanoate metabolism pathways predominantly on days 3, 7, and 14 and downregulated in the KET group on one of the days 3, 7,

and 14. P-values were calculated using the two-tailed Wilcoxon rank-sum test. *P < 0.05; **P < 0.01; ***P < 0.001. b Correlation matrix of rumen
genera which contributed more than 1% to the amino acid pathway and propanoate metabolism pathway and were downregulated in the KET
group on one of the days 3, 7, and 14. Spearman’s correlation was used, and P <0.05 was considered statistically significant. *P<0.05; **P< 0.01;
***P<0.001. ¢ Sankey diagram of a correlation between two variables in the mediating effect model. Only significant associations (P < 0.05) are
retained. In this model, the independent variables can affect dependent variables directly or through mediating variables. d Chart showing

the established mediating effect models. The figures above the arrowed lines indicate the regression coefficient. The asterisk indicates

the significant regression relation. *P < 0.05; **P < 0.01; ***P <0.001. The numbers in the triangle indicate the mediation effects
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Fig. 9 Effect of sodium propionate supplementation on blood BHBA and GLU concentrations and rumen fermentation parameters of ketosis
dairy cows. a Schematic representation of the experiment. Ketosis + SP group indicates the ketosis dairy cows in this group administered 240 g/
day sodium propionate. Ketosis group indicates untreated ketosis cows. b, ¢ Effects of sodium propionate supplementation on blood BHBA (b)
and GLU (c) concentration. Data are presented as mean + SEM. Statistical significance was calculated for day-21 data using unpaired two-tailed
t-tests. A mixed model was used to analyze the postpartum data. *P <0.05; **P<0.01; ***P <0.001. d Effects of sodium propionate supplementation
on rumen fermentation parameters. Data are presented as mean + SEM. Statistical significance was calculated for day-21 data using unpaired
two-tailed t-tests. A mixed model was used to analyze the postpartum data. *P < 0.05; **P<0.01; ***P <0.001
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ketosis group from day 9 to day 14 (Fig. 9b). The GLU
concentration was higher in the ketosis+ SP group than
that in the ketosis group from day 9 to day 14 (Fig. 9c).

We found an interaction between time and SP for
propionate concentration and proportion, total VFA
concentration, and A-P ratio (Fig. 9d). The propion-
ate concentrations were higher in the ketosis+SP group
than those in the ketosis group on days 8, 10, 12, and 14.
In the ketosis+SP group, the propionate concentration
decreased gradually from days 8 to 14. TVFA concentra-
tion and propionate proportion were higher, whereas the
A-P ratio was lower in the ketosis+ SP group than those
in the ketosis group on days 8, 10, and 12. The TVFA
concentration and propionate proportion on day 14 were
not significantly different between the two groups.

Discussion

Ketosis is one of the most prevalent diseases in dairy
cows and induces other diseases during the peripartum
period (3 weeks before and after calving) [11-13]. How-
ever, the endogenous causes of carbohydrate and lipid
metabolism disorders remain unknown. It is considered
that approximately half of the glucose is converted from
glucogenic substances. To our knowledge, this is the first
dynamic study to identify the association between rumen
fermentation and host energy metabolism. Here, the defi-
ciency of glucogenic substances from the rumen could
be the key to increased ketone bodies in dairy cows. In
ketosis cows, rapid and extensive mobilization of body
fat, and the peaks in serum concentrations of BHBA
and GLU, appeared later than those of NEFA, similar to
a previous study [61]. The observational study indicated
similar energy balances in ketosis and healthy cows.
However, the milk fat content was higher in ketosis cows,
which implies that the energy output in ketosis cows is
higher than that in healthy cows [62]. Altered NEFA lev-
els and BCS in our study indicated that more body tissue
may be mobilized in ketosis cows to synthesize milk fat.
Although milk production was consistent during the first
21 days in our study, a previous study found that ketosis
cows exhibit a greater milking potential during the 305-
day milking cycle [63]. The prevention of ketosis con-
tributes to cow welfare as well as high milk production.
Furthermore, our results highlight the importance of lon-
gitudinal investigations [11, 19, 29], as the various tracks
of different serum indices.

After calving, the change in BHBA and GLU levels
showed a similar trend. GLU deficiency diverts acetyl
CoA from the tricarboxylic acid cycle to ketogenesis [9].
For dairy cows, propionate from rumen microbial syn-
thesis is the most important and dominant glucogenic
substance; other compounds, including glucogenic amino
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acids and glycerol, are mainly sourced from microbial
synthesis and diet [15]. Wang et al. [23] identified that
ketosis cows have lower acetate, propionate, and butyrate
concentrations in the rumen than the lowest VFA con-
centration in healthy cows during the peripartum period.
Eom et al. [64] also found low acetate and propionate lev-
els in ketosis cows. These studies, along with our correla-
tion analysis between VFA proportion and serum indices,
revealed that significantly altered rumen fermentation in
ketosis cows, which was associated with GLU and BHBA
production. Furthermore, we expressed the quantity of
VFA by molar proportion, and only propionate levels
were low in ketosis cows on days 3 and 7. Propionate also
showed the maximum correlation coefficient with BHBA
concentration. Therefore, our results suggest that rumi-
nal production of VFA, particularly propionate, was asso-
ciated with BHBA production.

Host-microbial interactions in dairy cows regulate
host metabolism [21] and induce diseases [65]. VFA is
a rumen microbial product. Hence, we further analyzed
the dynamic change in bacterial composition and diver-
sity in the big data set, to identify differences between
ketosis cows and healthy cows. In healthy cows, the
microbial diversity decreases after calving [20, 25, 26].
This may be attributed to a decrease in the retention time
of rumen content and colonization of microbes due to
a high-concentrate diet in the postpartum period [66].
Furthermore, this high-energy diet with a specific fer-
mentation substance is associated with overgrowth and
occupation of a range of bacterial taxa, thereby reduc-
ing the relative abundance of other taxa below detect-
able limits [20, 25, 26]. In ketosis cows, 16S rRNA and
metagenomics sequencing revealed higher Chaol and
Shannon indices in our study, indicating that rumen
microbiota became more complex and competitive
but less specific to ferment the feed to support the host
energy requirements [67]. This assumption was proved
by the low absolute number of bacteria low TVFA and
high pH values in our study, consistent with the findings
of cross-sectional studies [24, 68]. Furthermore, dissimi-
larity analysis between two time points revealed the tran-
sition way of rumen bacteria in healthy cows was more
moderate during the peripartum period and stable from
day 14 to day 21, while it was more dramatic for ketosis
cows at the beginning of lactation. Hence, we speculated
marked ruminal microbiota disruption in ketosis cows
after calving and further investigated alterations in the
function of rumen microbiota using metagenomics and
metabolomics, to elucidate the underlying mechanism.

Rumen microbiota is known to stabilize approxi-
mately 14 days after calving [19, 25], which was con-
sistently observed in our study among healthy cows.
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Interestingly, the dominant clusters on days 3, 7, and
14 were considerably different between the two groups.
To investigate this phenomenon, we further analyzed
the microbial functions and metabolites on these days.
Although the rumen microbiota composition varied on
days 3, 7, and 14, the function of the rumen microbiota
was significantly different only on day 3. The inconsist-
ency may be attributed to species from the same genus,
identified as generalists [69]. Furthermore, multi-omics
comprehensively elucidates the flow of information at
different levels [70]. The replication and repair pathways
are related to microbiota disruption under extreme
environments, such as copper exposure [71] or humans
with disease [72]. Majority of the pathways enriched in
ketosis cows on day 3 belonged to replication and repair,
in agreement with the findings of 16S rRNA sequencing
that rumen microbiota disruption occurs after calving.
Considering that the time of microbiota disruption was
earlier than the time of the peak BHBA concentration,
we speculated that the special route of rumen micro-
biota in ketosis cows may be associated with disease
development, and further studies are needed to validate
the causal relationship.

Cross-sectional studies have suggested altered gut
microbiome composition in dairy cows with ketosis
[22-24, 64, 68]. Microbial genes involved in butyrate
production from pyruvate or acetyl-CoA and propionate
production from succinate and lactate lead to ketosis by
increasing BHBA precursors and, meanwhile, decreas-
ing GLU supply [24]. Metabolomics further revealed that
starch and sucrose metabolism and propanoate metab-
olism pathways were downregulated in ketosis cows
[64]. Correspondingly, CE and a series of carbohydrate
metabolism pathways from feed stuff to propanoate were
downregulated on day 3 in the rumen of our study. Divi-
sion of the propionate production pathway in microbiota
into three parts revealed that the fermentation and threo-
nine-derived pathway were downregulated, instead of the
biosynthetic pathway and valine and isoleucine-derived
pathway.

Seven genera with similar trends were involved in
propionate deficiency, among which Ruminococcus and
Prevotella negatively correlated with serum BHBA con-
centrations [24, 68] and were highly reliable biomarkers
for predicting BHBA concentrations in milk [22]. Prevo-
tella is a versatile microbe capable of processing various
proteins and polysaccharides in the gut, and propionate
is one of its fermentation products [73]. Prevotella also
improves GLU metabolism by promoting increased gly-
cogen storage in humans [74]. Interestingly, Succiniclas-
ticum is relatively less abundant in ketosis cows, with no
correlation with BHBA [68]. The transition of GLU and
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BHBA after calving may explain the relation between
Succiniclasticum and BHBA. A review has concluded
the function and product of Ruminococcus_E strains and
indicated their ability to disintegrate and utilize various
plant polysaccharides and produce acetate as a major
metabolic product [75]. Hence, we speculated that the
genus Ruminococcus_E may be involved in amino acid
metabolism rather than propionate.

The genera Sodaliphilus and Porcincola, which are
presented in the pig microbiota [76], have been poorly
characterized within the rumen microbiome. More
information is needed in the future to explain the role
of these genera in rumen microbiota. Genus UBA1066
named Chordicoccus included Chordicoccus furen-
tiruminis, which has been isolated from the rumen
content of steer fed a high-grain diet and produces
succinic acid as a major fermentation product [77],
suggesting it may be related to carbohydrate fermen-
tation and propionate production. In summary, the
different microbiota composition involved in carbo-
hydrate fermentation in the rumen contributes to the
differences observed in propionate metabolism and
highlights the importance of several genera in improv-
ing glucose production and preventing postpartum
ketosis in cows. Considering the disruption of rumen
microbiota and several altered microbes in our study,
it would be difficult to validate the role of these taxa
in ketosis development. Hence, we conducted a feed-
ing experiment for ketosis cows by feeding propionate,
which is specifically a microbiota product. Our results
revealed that propionate was an effective additive to
alleviate the degree of ketosis and may prevent ketosis
in cows. An early study explored the potential of SP as
an additive and its ability to increase the rumen pro-
pionate concentration and decrease the serum GLU
concentration [78]; however, the production level and
diet composition of dairy cows have recently changed
significantly. Furthermore, Oba et al. [79] suggested a
dose—response effect of ruminal propionate infusion
on dry matter intake by providing sodium propionate
from 540 to 2699 g/day for postpartum dairy cows,
since propionate is the fuel that potentially stimulates
satiety and reduces feed intake in dairy cows [80].
Hence, the appropriate dietary dose of SP should be
investigated in the future.

Metagenomics and metabolomics analyses revealed
that amino acid metabolism and metabolism of other
amino acid pathways at KEGG L 3 were enriched in
healthy cows. The protein digestion and absorption
pathway were also enriched in healthy cows. Rumen
microbiota plays a key role in addressing the nitrogen
requirement by supplying microbial proteins to dairy
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cows, representing approximately half of the protein
reaching the duodenum [81] and supplying nitrogen for
synthesizing milk protein or transferring to energy, such
as glucogenic amino acids [82]. A nitrogen balance exper-
iment conducted by Daniel et al. [61] indicated that dairy
cows lose approximately 60 g of nitrogen per day from
calving to week 2. The decreasing milk protein content in
cows with ketosis also indicates a deficiency of proteins
or amino acids [62].

Amino acids perform diverse functions in the body.
Glucogenic amino acids include nonessential amino
acids, such as aspartic acid, asparagine, serine, glu-
tamine, glutamic acid, alanine, tyrosine, and cysteine,
and two essential amino acids, histidine and arginine
[83]. The pathways and metabolites of glucogenic amino
acids, such as arginine, alanine, glycine, and tyrosine,
were markedly downregulated in ketosis cows. Using
metagenomics and grouping cows using blood BHBA
concentration on day 21, Wang et al. [24] reported no
differences in any KEGG pathways at levels 1 or 2 in the
rumen, which was similar to our results, with few path-
ways altered on day 21. Eom et al. [64] compared the
rumen metabolome in three dairy cows and reported
downregulated cysteine and methionine metabolism
pathways in ketosis cows. Collectively, limited infor-
mation is available regarding the rumen metabolome
changes due to the small sample size and sampling time.
Hence, we measured serum amino acid concentrations
to prove the effect of the rumen microbiome on host
metabolism relying on the positive linear relationship
between amino acid supply and serum amino acid con-
centrations [84].

Fetter et al. [85] reported that the essential amino
acid concentrations decreased after calving, and the
nonessential amino acid concentrations increased in
dairy cows, owing to the known role of nonessential
amino acid as glucogenic precursors. In our study, the
high serum TAA concentration in ketosis cows dem-
onstrated that the mobilization of amino acids from
the muscle was more severe in ketosis cows than that
in healthy cows. Further, similar to our study findings,
Wang et al. [86] found significantly decreased alanine,
glutamine, and lysine concentrations in the plasma of
ketosis cows. The same amino acids, including argi-
nine and alanine, were significantly altered, both, in the
rumen content and serum, indicating regulation of the
rumen microbiome in host metabolism. Finally, signifi-
cant alterations in amino acid concentrations were no
longer limited to day 3 but were observed throughout
the postpartum period. Liver biopsies revealed that the
liver glycogen concentration decreased by 74% from
day — 10 to day 10 [87]. Postpartum cows might have to
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mobilize skeletal muscle continuously to supply GLU,
following the rapid exhaustion of glucogenic precursors.
However, these changes in the liver have not been veri-
fied using gene expression. Further elucidation of the
underlying mechanisms for regulating hepatic energy
metabolism by rumen microbiota is needed. Using the
MEM, we constructed a model including genera, their
metabolites, and host energy metabolism indices to
connect the rumen microbiome and host metabolism.
Prevotella, UBA1066, and richness and diversity indi-
ces showed mediating effects to regulate BHBA and
GLU via arginine, alanine, glycine, or propionate. A
human study reported that gut disruption is associated
with altered arginine metabolism and Prevotella might
contribute to the change in arginine flux [88]. This phe-
nomenon has also been observed in humans with Par-
kinson’s disease with gut disruption [89]. Thus, rumen
microbiota disruption in dairy cows after calving could
impact subsequent glucogenic amino acid production.
An intrinsic limitation of our study is that inferences
on cause-consequence relationships remain challenging
owing to the lack of a validation model. Further stud-
ies are needed to validate our findings. In addition, it
has been reported that gut microbiome alterations led
to postpartum immunosuppression in transition dairy
[80]. It is essential to further explore the association
between the rumen and intestinal microbiome and their
cross-talk in postpartum dairy cows.

Conclusions

To our knowledge, this is the first study to perform a
longitudinal assessment of the rumen microbiome in
dairy cows with carbohydrate and lipid metabolism
disorder during the peripartum period, particularly
using the multi-omic method and big-data set which
also includes rumen microbiota, metabolome, and
host metabolism indices. Some cows initially exhibited
rumen microbiota disruption after calving and needed
a longer time to adapt, which altered the microbiota
genes involved in propionate and glucogenic amino
acid metabolism, subsequently decreasing the sup-
ply of glucogenic precursors. Our subsequent feeding
experiment revealed that propionate is an effective
glucogenic precursor to supply GLU and alleviate the
severity of ketosis. Our study highlights the impor-
tant role of the rumen microbiome in regulating host
energy metabolism and in the pathogenesis of ketosis
and suggests potential strategies for preventing ketosis
by regulating the rumen microbiota or supplying spe-
cial glucogenic precursors (such as propionate, argi-
nine, and alanine).
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