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Abstract

Background Improving milk yield and feed efficiency is pivotal for climate-smart dairy systems, as rumen medi-
ated fermentation governs energy and nitrogen utilization and thereby greenhouse-gas emission intensity. Soybean
isoflavones (SIF) may modulate rumen fermentation, yet their effects on rumen function, microbiome features,

host endocrine/metabolic responses, and lactation performance-particularly across cows with divergent milk-yield
phenotypes-remain unclear.

Results Fifty-six lactating Holstein cows (28 high-yield cows, HY; 28 low-yield cows, LY) were divided into two cat-
egories by milk yield. Within each yield category, cows were randomly assigned to one of two dietary treatments:

a basal diet (Control) or the basal diet supplemented with SIF at 0.01% of dry matter. This yielded a 2 x 2 factorial design
with four experimental groups (n= 14 per group): high-yield control (HCON), high-yield SIF (HSIF), low-yield control
(LCON), and low-yield SIF (LSIF). SIF increased milk yield by 8.75% and improved fat-corrected milk (+7.20%), dry matter
intake (+3.20%), and feed efficiency (+3.26%), with larger gains in HY cows (milk yield +8.89%; feed efficiency +4.55%).
Rumen fermentation shifted toward a more energetically favorable profile, with lower acetate (- 2.70%), higher pro-
pionate (+4.55%), and a reduced acetate-to-propionate ratio (- 7.02%), accompanied by increased microbial crude
protein (+21.53%) without changes in pH or NH;-N. SIF altered endocrine status irrespective of phenotype, increas-

ing estradiol and progesterone while decreasing prolactin and growth hormone, and reduced blood ALP, lactate,

and triglycerides. Metagenomics indicated phenotype-dependent microbial and functional responses to SIF: HY cows
showed enrichment of taxa (e.g.,, Caudoviricetes sp., Eubacterium sp., and Butyrivibrio sp.) associated with amino-acid,
cofactor metabolism and propionate pathways, whereas LY cows exhibited enrichment of Prevotella sp. and Bacteroides
sp. with functions favoring carbohydrate degradation. The HCON group exhibited greater abundances of Prevotella sp.
and Hallella spp. with enhanced carbohydrate degradation functions, whereas the LCON group was enriched in Rumi-
nococcus sp. and Methanobrevibacter sp., associated with methane metabolism.
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Conclusions In conclusion, this study highlights the potential of SIF supplementation to improve lactation efficiency,
modulate rumen microecology and endocrine function in dairy cows. These findings establish a theoretical frame-
work for achieving efficient and precise feeding management on large-scale dairy farms.

Keywords Cow, Lactation performance, Microbiota, Rumen, Soy isoflavones

Background

Owing to the growing global population, increasing com-
petition for resources, and the rising environmental pres-
sures associated with dairy production, improving milk
yield and feed efficiency has become a key objective in
the pursuit of dairy systems that limit greenhouse gas
emissions and support more sustainable production [1,
2]. Improving feed conversion efficiency not only reduces
the carbon and nitrogen intensity of milk but also aligns
with the goals of climate-smart agriculture, whereby
reshaping rumen fermentation toward energetically
favorable pathways through nutritional intervention can
mitigate methane emissions and enhance nutrient utiliza-
tion [3, 4]. Besides directly modulating the rumen, silage
inoculants have been reported to influence silage quality,
rumen fermentation and microbial community structure,
methane emissions, and milk yield, thereby underscor-
ing the central role of rumen processes in determining
feed-use efficiency [5]. The rumen hosts diverse com-
munities of microorganisms, including bacteria, archaea,
protozoa, fungi and viruses. These microorganisms
establish a close symbiotic relationship with their rumi-
nant hosts [6-8]. Through feed degradation and nutri-
ent synthesis, rumen microbial dynamics are primarily
responsible for providing nutrients to the host [9-12].
Dietary nutrients are degraded by rumen microbes into
volatile fatty acids (VFA, mainly acetate, propionate, and
butyrate), adenosine triphosphate (ATP), carbon diox-
ide, methane, and ammonia [13]. ATP primarily sup-
ports microbial maintenance and growth, whereas VFA
and microbial biomass provide energy and protein to the
ruminant host [14, 15]. Accordingly, microbially medi-
ated rumen fermentation determines the health, growth,
and production performance of the host.

Soybean isoflavones (SIF) are naturally occurring fla-
vonoids found in leguminous plants [16]. SIF are widely
present in corn-soybean-based animal diets. Owing to
their structural similarity to mammalian estrogens and
their estrogenic activity in animals, SIF are classified as
phytoestrogens. Daidzin and genistin are the two pre-
dominant glycosylated forms of SIF [17]. Glycosylated
isoflavones cannot be directly absorbed by the intes-
tine. The hydrolysis of these compounds into their cor-
responding aglycones is the first and most critical step
in the generation of biological activity during isoflavone
metabolism. This hydrolysis (deglycosylation) relies on

B-glucosidases, which are secreted by intestinal microbes
such as Bacteroides, Bifidobacterium, and Lactobacillus
[18]. Within the intestinal lumen, daidzein and genistein
undergo deglycosylation, dehydroxylation, reduction,
C-ring cleavage, and demethylation [19], resulting in final
metabolites such as equol and p-ethylphenol [17, 20]. SIF
have various biological activities, including antioxidant,
anti-inflammatory, and differentiation-inducing effects,
influencing physiological and metabolic processes in
many animals [21, 22]. In addition, SIF can also enhance
the immune function of cows [23] and pigs [24], the
nitrogen metabolism of dairy cows [25], the intestinal
integrity and meat quality of pigs [26], and the secretion
of metabolic hormones in poultry [27, 28].

In vitro fermentation assays showed that propionate
production exhibited a quadratic response to increasing
doses of SIF (0, 5, 10, 20, 50, 100, and 200 mg/L), con-
comitant with enhanced fermentative activity of ruminal
fungi. These results suggest that SIF can modulate the
rumen microbiota, although the underlying mechanisms
remain unclear [29]. Another study reported that cow
rumen fluid can degrade SIF to produce the metabolite
equol [30]. Multiple bacterial taxa, including Ruminococ-
cus, Bacteroides, Bifidobacterium, and Eubacterium, have
been implicated in the hydrolysis of isoflavone glycosides
[31, 32], and these species are widely distributed in the
rumen [33]. A dietary supplementation trial in beef cat-
tle reported that SIF increased the relative abundances of
Prevotella, RC9_gut_group, Succinivibrio, and Ruminobac-
ter, which was associated with increased VFA production
and enhanced microbial crude protein (MCP) synthesis,
indicative of improved rumen function [6]. Moreover, dif-
ferences in rumen metabolism and microbial community
composition at comparable physiological stages have been
associated with variations in dairy cow production per-
formance [34-36]. Although existing studies indicate that
SIF may affect ruminant production and rumen fermen-
tation, there is a paucity of research that systematically
integrates rumen fermentation, microbiome functional
potential, endocrine responses, and production perfor-
mance across cows with differing milk-yield levels. There-
fore, this study aims to compare responses to SIF between
high- and low-yielding dairy cows, monitor changes in
key hormonal profiles, and integrate metagenomic and
metabolomic data to systematically elucidate the links
among SIF, the rumen microbiome and its functions, and
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feed utilization efficiency. We hypothesize that SIF can
improve energy utilization and lactation performance by
reshaping the rumen microbiome—altering fermentation
patterns and key metabolic pathways—and by modulating
host endocrine status, and that these effects may be more
pronounced in high-yield cows.

Materials and methods

Animals, diets, and experimental design

The experiment was conducted at Junlebao Qizhi Dairy
Farm (Hebei, China). We stratified milk-yield phenotypes
using an unsupervised K-means clustering approach in
a cohort of 400 primiparous Holstein cows maintained
under comparable diets and management. Cows with
comparable diets, management, 7-day average milk
yield (33.29+8.21 kg/d), days in milk (50.73+9.40 d)
and body condition score (3.11 +0.18). Iterative K-means
clustering identified two well-separated clusters, with
centroid milk yields of approximately 40.86 kg/d and
25.29 kg/d, respectively, showing a significant gap of
about 15.57 kg/d between them. Additionally, based on
a priori power analysis, under the conditions of a=0.05
and power=0.80, the minimum sample size required
to detect a medium effect size (Cohen’s d=0.80) was
approximately 25. Subsequently, cows with health abnor-
malities (based on clinical records or abnormal body
temperature) were excluded. Under the aforementioned
conditions, this study selected 28 high-yield (41.50+0.61
kg/d) and 28 low-yield (25.08+0.91 kg/d) cows, which
not only met the requirement for detecting a medium
effect size but also retained sufficient samples (n=14)
for subsequent subgroup analysis. Therefore, the cutoff
of about 16.42 kg/d (>15.57 kg/d) reflects the natural
stratification of milk yield capacity within the population
rather than a subjectively defined value, and it has solid
statistical as well as biological justification. The high-
yield and low-yield cows were each randomly divided
into two groups, resulting in four treatments: high-yield
control group (HCON), low-yield control group (LCON),
high- and low-yield groups supplementing SIF (HSIF
and LSIF), respectively. The control groups were fed the
basal diet (Table 1), whereas the SIF groups received the
same basal diet supplemented with 0.01%DM of SIF. The
dosage was based on previous reports [37, 38] and the
manufacturer’s guidelines. The SIF product (Fengpeng
Biotechnology Co., Ltd., Guilin, China) contained 9.02%
daidzin, 0.43% glycitin, 38.96% genistin, and 51.6% defat-
ted rice bran as a carrier and was premixed with feed
before use. All cows were individually housed in adjacent
pens for 35 d. They were fed a total mixed ration (TMR)
three times daily at 08:00, 15:00 and 22:00, with ad libi-
tum access to feed and water. Each pen was equipped
with an individual feed trough to record daily feed intake.

Table 1 Ingredients and nutrient composition of the basal
diet (dry matter basis)

Items Content
Ingredients, %

Corn silage 41.17
Alfalfa haylage 17.00
Corn grain 10.66
Flaking corn 8.24
Soybean meal 9.21
Rumen-protected soybean meal 1.21
Roasted soybeans 145
Canola meal 1.21
Beet granules 364
Whole cottonseed 3.88
Premix' 1.80
NaHCO, 0.53
Chemical composition?, g/kg

CcpP 187.10
Starch 291.90
NDF 230.60
ADF 171.30
Ash 67.30
Ca 10.50
P 520

! Contained (concentration of premix per kilogram of DM): 132 g of chloride, 65
g of magnesium, 50 g of phosphorus, 90 g of sodium, 1.5 g of potassium, 0.5 g of
sulfur, 4,500 mg of zinc, 4,000 mg of manganese, 1,500 mg of copper, 225 mg of
iodine, 50 mg of selenium, 25 mg of cobalt, 600,000 IU of vitamin A, 190,000 IU
of vitamin D, and 4,000 IU of vitamin E

2 CPCrude protein, NDF Neutral detergent fibre, ADF Acid detergent fibre

Feed sample collection and nutritional component analysis
Feed samples were collected weekly from the beginning,
middle, and end of TMR discharge, thoroughly mixed,
oven-dried at 65 °C for 24 h, ground through a 1-mm
sieve, and stored at —20 °C for analysis. Dry matter (DM)
and crude protein (CP) were determined according to the
AOAC method [39], neutral detergent fibre (NDF) and
acid detergent fibre (ADF) were analyzed via method of
Van Soest et al. [40], and starch content was measured
via the ISO 6493:2000 method.

Milk sample collection, milk composition analysis

and rumination time record

The milk yield was automatically recorded three times
daily at 08:00, 15:00 and 22:00 via a DeLaval Rotary E500
milking system (Sweden). The average milk yield from
0-35 d was calculated for each cow. Milk composition was
determined from samples collected on d 33-35 (3 d mean).
At each of the three daily milkings, 50 mL milk was col-
lected per cow using a milk sampler, pooled within day at a
4:3:3 ratio (morning:midday:evening), mixed, and analyzed
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on the sampling day (MilkoScan" FT3, Denmark) for fat,
protein, lactose, and solids-not-fat. Ruminating time (RT)
was automatically recorded daily using smart collars (Afi-
Collar, Israel) and the farm management system (DelPro™,
DeLaval, Sweden), and the average from 0-35 d was calcu-
lated for each cow. The fat-corrected milk yield (FCM) was

calculated as follows [41]:

FCM = 0.4 x milk yield(kg/d) + 15 x milk fat yield(kg/d).

Blood sample collection and biochemical parameter

and hormones analysis

On d 35, blood samples were collected from the tail vein
before morning feeding into EDTA-2K vacuum tubes
(Yinuo Biotechnology Co., Ltd., Jiangxi, China). The
plasma was separated via centrifugation (1,000xg, 15
min, 4 °C; 5424R, Eppendorf, Germany) and stored at
—20 °C. The biochemical parameters included alkaline
phosphatase (ALP), alanine aminotransferase (ALT),
aspartate aminotransferase (AST), lactate dehydrogenase
(LDH), and superoxide dismutase (SOD) were analysed
via an automatic biochemical analyser (Hitachi 7600,
Tokyo, Japan) and albumin (ALB), cholesterol (CHO),
glucose (GLU), lactic acid (LAC), total bile acid (TBA),
triglyceride (TG), urea nitrogen (UREA), and total pro-
tein (TP) were analysed via a chemiluminescence ana-
lyser (Autolumo A2000, Zhengzhou, China). The levels
of plasma estradiol (E2), prolactin (PRL), progesterone
(PROG), growth hormone (GH), and insulin (INS) were
determined via commercial ELISA kits (Enzyme-linked
Biotechnology Co., Ltd., Shanghai, China).

Rumen fluid collection and ruminal VFA, MCP, NH;-N
content analysis

Rumen fluid was collected via an oral stomach tube before
the morning feeding on d 35. After filtration through four
layers of cheesecloth, samples were successfully obtained
and aliquoted from 56 cows (HCON, LCON, HSIF, LSIF,
n=14). Samples allocated for metagenomic and metabo-
lomic analyses were stored at —80 °C, while aliquots des-
ignated for fermentation parameter determination were
stored at —20 °C and analyzed within one month. VFA
were quantified via an Agilent 6850 gas chromatograph
(Agilent Technologies, CA, USA) equipped with a HP-
FFAP column (30 m X 0.25 mm, 0.25 um) and a flame ion-
ization detector, as in our previous studies [42, 43]. MCP
was determined via differential centrifugation. Briefly,
thawed rumen fluid samples were centrifuged at 1,000 X g
for 10 min. Two milliliters of the resulting supernatant
were transferred and centrifuged at 15,996 X g for 20 min
to pellet the microbial fraction. The supernatant was
discarded, and the pellet was washed twice by resuspen-
sion in 1.5 mL of 0.9% saline followed by centrifugation

at 15,996 X g for 35 min each. The final pellet was care-
fully resuspended in a small volume of distilled water and
transferred to a centrifuge tube for storage until analysis.
Protein concentration was measured using a commer-
cial BCA protein assay kit (A045-4, Nanjing Jiancheng
Bioengineering Institute, China) following the manufac-
turer’s instructions. A standard curve was prepared as
instructed, and samples were diluted to fall within the
assay’s detection range prior to quantification. Filtered
rumen fluid was centrifuged (8,161 X g for 10 min at 4 °C)
to obtain a clear supernatant, which was further analyzed
for ammonia nitrogen (NH;-N) content using a phenol-
hypochlorite assay [44].

Rumen fluid metagenome sequencing and analysis
Microbial DNA from the rumen fluid samples was
extracted from 56 cows using the EZN.A. A DNA kit
(Omega Biotek, Norcross, GA, USA) according to the
manufacturer’s protocol. DNA fragments (~ 350 bp) were
used to construct paired-end libraries (Bioo Scientific,
TX, USA), which were subsequently sequenced on an
Illumina NovaSeq X Plus platform. The raw reads were
processed via fastp [45] (https://github.com/OpenGene/
fastp, v0.20.0), assembled via MEGAHIT [46] (https://
github.com/voutcn/megahit, version 1.1.2), and clus-
tered via CD-HIT [47] (http://weizhongli-lab.org/cd-hit/,
version 4.7) to generate nonredundant gene sets. Alpha
diversity is applied in analyzing complexity of species
diversity for a sample through Shannon index, and Beta
diversity was calculated based on Bray—Curtis distance
matrices. Taxonomic and functional annotations were
performed via DIAMOND [48] (https://github.com/
bbuchfink/diamond, version 2.0.13) against the NR and
KEGG databases (e-value<le-5), and carbohydrate-
active enzymes were identified via HMMER (http://
hmmer.org/, version 3.1b2) against the CAZy database.

Rumen fluid metabolomic sequencing and analysis

The samples of rumen fluid from 56 cows were used for
metabolomics analysis. Briefly, 100 uL of thawed rumen
fluid was extracted with 400 uL of acetonitrile—methanol
(1:1) containing internal standards. The supernatant was
dried under nitrogen and redissolved for LC—MS analy-
sis via a UHPLC-Orbitrap Exploris 240 system (Thermo
Fisher Scientific, USA). The raw data were processed with
Progenesis QI (Waters Corp., USA) for peak alignment
and metabolite identification via HMDB (http://www.
hmdb.ca/) and Metlin databases (https://metlin.scripps.
edu/). Statistical analyses, including PCA and OPLS-DA
(using ropls v1.6.2 in R), were performed to identify dif-
ferentially abundant metabolites (VIP>1, P<0.05), and
KEGG pathway enrichment was conducted via scipy.stats
(Python package).
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Statistical analysis

The data were analysed via SAS 9.4 (SAS Institute Inc.,
Cary, NC, USA). The UNIVARIATE procedure was used
to examine the normality and detect outliers in the cow
phenotypic data (including production performance,
rumen fermentation parameters, blood biochemical indi-
ces and hormones). Two-way ANOVA (PROC GLM) was
performed via the GLM procedure to evaluate the effects
of SIF supplementation (with vs. without), milk yield level
(high vs. low), and their interaction on milk yield and
composition, FCM, rumination time, dry matter intake
(DMI), feed efficiency, rumen fermentation parameters,
blood biochemical indices, and hormone levels. When
a significant main effect or interaction (P<0.05) was
observed, Tukey’s multiple comparison test was applied
to compare least squares means between HCON and
HSIF, and between LCON and LSIF. The ¢-test was per-
formed to evaluate the effects of SIF supplementation on
production performance, ruminal fermentation param-
eters, blood biochemical indices, and hormone profiles in
cows with the same milk production level (high or low-
yield). The results are expressed as least squares means.
Differences were considered significant at P<0.05 and as
a tendency at 0.05<P<0.10.

For the rumen microbial data, the Wilcoxon rank-
sum test, Kruskal-Wallis H test, and linear discrimi-
nant analysis effect size (LEfSe) were used to identify
differences in microbial taxa, KEGG pathways and
enzymes, and CAZymes. Features with a false discov-
ery rate (FDR)-adjusted P value <0.05 were considered
significantly different. Rumen metabolomic data were
compared via the Wilcoxon rank-sum test, and metab-
olites with FDR-adjusted P<0.05 and variable impor-
tance in projection (VIP)>1 from orthogonal partial
least squares discriminant analysis (OPLS-DA) were
regarded as significantly different.

Spearman’s correlation was performed to assess the
relationships between differential microbial taxa and pro-
duction performance, between performance and rumen
fermentation or hormone levels, and between differen-
tial microbes and metabolites. Correlations with |r| >0.5
and P<0.05 were considered significant. Correlation
matrices of differential microbial data were constructed
via Spearman’s correlation, and Mantel tests based on
Euclidean distances were conducted to validate associa-
tions between differential microbial profiles and KEGG
pathway enrichment of metabolites. Data visualization
and correlation mapping were conducted via the Major-
bio Cloud Platform (www.majorbio.com).

Results

Production responses to SIF supplementation in high-

and low-yield cows

The differential effect of supplementing SIF on the pro-
duction performance of high-yield and low-yield dairy
cows is shown in Table 2. SIF significantly increased
milk yield by 8.75%, as well as yields of milk compo-
nents: fat+6.12%, SNF +8.03%, protein+7.62% and lac-
tose+7.84%. SIF also increased FCM by 7.20%, DMI by
3.20% and feed efficiency by 3.26% (Pryeq<0.05). How-
ever, SIF did not significantly alter milk fat, SNF, protein,
lactose percentages, or rumination time (Pr,>0.05).
The enhancing effect of SIF on milk yield was more pro-
nounced in high-yield cows (increase 8.89%; Ppy.con
vs. ty.sie=0.017), whereas the effect was not significant
in low-yield cows (Pry.con vs. Ly.gr=0.308). In high-
yield cows, SIF significantly increased the yields of milk
fat (+9.04%), SNF (+8.52%), protein (+7.91%), lactose
(+8.54%), FCM (+8.92%), DMI (+3.63%), and feed effi-
ciency (+4.55%) (Pyy.con vs. ny.sie < 0.05). No compara-
ble effects were observed in low-yield cows (Ppy.cox vs.
Ly.sie>0.05). The interaction effect between SIF supple-
mentation and milk production level was not significant
for DML, feed efficiency, RT, and lactation performance
(Pryeat x Produc > 0-05). The results of the main-effect analy-
ses indicated a greater improvement in lactational per-
formance in the high-yield cows.

Rumen fermentation shifts after SIF supplementation

The differential responses of the rumen fermentation
parameters of high-yield and low-yield cows to SIF sup-
plementation are presented in Table 3. SIF tended to
increase the propionate concentration (Pry.,,=0.060) but
did not affect the concentrations of acetate, isobutyrate,
butyrate, isovalerate, valerate, or total VEA (Pr,.>0.05).
In molar proportions, SIF decreased acetate by
2.70% (Pryeq=0.008), increased propionate by 4.55%
(Prpyeqt =0.007), lowered A:P by 7.02% (P, =0.006), and
elevated MCP by 21.53% (Pryeq=0.0071), with no effect
on NH;3-N or pH (Pr,>0.05). There was a significant
interaction effect between treatment and production for
isobutyrate (Preat » produc=0-036). In high-yield cows,
SIF tended to increase the propionate concentration and
proportion and lower the A:P ratio (0.05 < Pyy.con vs. Hy-
sir<0.10). In low-yield cows, SIF tended to increase the
isovalerate concentration and proportion and reduce the
acetate proportion (0.05 <Py convs. Ly.sie < 0.10). SIF sig-
nificantly increased MCP in both high-yield (+24.25%)
and low-yield cows (+18.88%) (P<0.05).
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Table 2 Differential responses of DMI, feed efficiency, RT, and lactation performance to SIF supplementation in high- and low-yield

dairy cows

Treatment’ CON SIF SEM  Pvalue

Production HY LY HY LY Prreat Peroduc Prreat x Produc Phy.con vs. HY-siF PLy.con vs. Ly-siF
DM, kg/d 26.69 21.41 27.66 21.98 0316 0.042 <0.001 0.900 0.024 0.589
Feed efficiency 1.54 1.22 161 1.24 0.018 0.013 <0.001 0.561 0.028 0.626
milk yield, kg/d 40.25 24.12 43.83 26.17 0877 0.003 <0.001 0.721 0.017 0.308
Fat, % 414 4.76 412 4.36 0.065 0376 0.002 0.240 0.830 0.206
SNF, % 9.06 9.15 9.00 9.04 0.028 0.203 0.297 0.869 0.570 0.253
Protein, % 345 349 343 345 0.011 0.260 0.136 0.851 0.641 0.279
Lactose, % 496 499 493 491 0.019 0.241 0.084 0.783 0.640 0.169
Fat yield, kg/d 1.66 1.12 1.81 114 0.036 0.036 <0.001 0522 0.043 0.810
SNF yield, kg/d 3.64 221 3.95 2.37 0.079 0.008 <0.001 0.736 0.027 0.385
Protein yield, kg/d 1.39 0.84 1.50 0.90 0.030 0.008 <0.001 0.743 0.030 0.387
Lactose yield, kg/d 1.99 1.20 2.16 1.28 0.043 0.008 <0.001 0.732 0.027 0405
FCM, kg/d 41.04 2643 44.70 2763 0.871 0.011 <0.001 0.587 0.025 0.589
RT, min/d 440.03 405.03 438.29 397.65 4876 0.729 0.006 0.953 0.904 0.667

DMI Dry matter intake, SNF Solids-not-fat, FCM Fat-corrected milk yield, RT Rumination time
T HCON, LCON, HSIF, LSIF (n=14), Preat: With vs. without SIF, Pp, o4, high- vs. low-yield

Table 3 Differential responses of rumen fermentation parameters to SIF supplementation in high- and low-yield dairy cows

Treatment’ CON SIF SEM Pvalue

Production HY Ly HY Ly Preat  Peroduc  Prreat x Produc  Phv-convs.v-siF  Pry-convs.Ly-siF

Concentration, mmol/L

Acetate 43.97 46.93 46.65 46.69 0.790 0.881 0487 0518 0.385 0927
propionate 22.81 21.79 2642 23.08 0.551 0060 0241 0610 0.077 0458
Isobutyrate 0.60 0.58 0.58 0.67 0.015 0685 0474 0.196 0.725 0.108
Butyrate 7.5 7.87 8.17 8.30 0.162 0414 0533 0.103 0.111 0454
Isovalerate 1.11 1.07 1.14 1.26 0.030 0333 0603 0.326 0.844 0.079
Valerate 1.32 1.22 1.38 1.18 0.033 0775 0111 0.666 0.670 0.741
TVFA 76.96 7945 84.34 81.19 1429 0369 0815 0471 0.195 0.711
Percentage, %
Acetate 57.13 59.11 5546 57.64 0.298 0.008  0.009 0.977 0.104 0.081
propionate 29.63 27.31 31.20 2833 0.318 0.007  0.002 0.700 0.083 0.289
Isobutyrate 0.78 0.73 0.69 0.83 0.016 0.811 0.191 0.036 0.108 0.100
Butyrate 9.29 9.97 9.65 10.19 0.108 0816  0.017 0.065 0.190 0.643
Isovalerate 144 1.34 1.36 1.56 0.032 0.591 0.286 0.144 0.524 0.055
Valerate 1.73 1.54 1.63 146 0.031 0.188  0.009 0.970 0477 0429
AP 1.95 2.18 1.79 2.05 0.033 0.006  0.005 0.844 0.069 0.206
NH;-N, mg/dL 14.24 15.28 14.49 14.93 0.136 0676  0.094 0.624 0.489 0.606
pH 6.29 6.37 6.27 6.31 0.028 0408  0.630 0.892 0.872 0.590
MCP, pg/mL 724997 615407 900793 728232 225775  0.001 0.025 0.825 0.037 0.041

TVFA Total volatile fatty acid, A:P The ratio of acetate to propionate, MCP Microbial crude protein
THCON, LCON, HSIF, LSIF (n=14), Py, With vs. without SIF, Pp,oq,c: high- vs. low-yield

Blood biochemical indices and hormones responses to SIF are shown in Table 4. SIF significantly decreased ALP,
supplementation in high- and low-yield cows LAC, and TG (P, <0.05) but did not affect ALB,
The differential responses of blood biochemical indices  ALT, AST, CHO, GLU, LDH, TBA, UREA, TP, or SOD
of high-yield and low-yield cows to SIF supplementation  (Pr,,, >0.05). There was no significant interaction effect
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Table 4 Differential responses of blood biochemical indices to SIF supplementation in high- and low-yield dairy cows

Treatment’ CON SIF SEM Pvalue

Production HY Ly HY Ly Prreat Pproduc  PrreatxProduc  Phv-convs. H-siF Piy.con vs. Ly-siF
ALB, g/L 20.15 20.76 21.29 20.19 0.307 0.922 0915 0472 0.292 0613
ALP, U/L 6.08 4.20 4.86 450 0.235 0.029 0.126 0.107 0.185 0.646
ALT, U/L 22.89 2191 20.19 2191 0.614 0.697 0.886 0419 0.130 0.999
AST, U/L 7592 83.35 78.81 71.87 2.591 0.571 0.902 0.526 0.573 0.297
CHO, mmol/L 4.57 394 4.67 4.06 0.120 0.983 0.094 0.844 0.787 0.821
GLU, mmol/L 3.01 348 3.36 353 0.045 0.107 0.007 0.169 0.015 0.787
LAC, mg/dL 13.62 1217 9.60 10.35 0378 0.006 0.893 0.121 0.007 0.052
LDH, U/L 736.46 817.78 745.07 832.93 14.603 0.936 0.073 0.902 0.771 0.845
TBA, umol/L 184.29 133.68 176.76 126.82 8.799 0475 0.039 0.907 0.801 0.877
TG, mmol/L 0.11 0.11 0.08 0.08 0.004 0.002 0919 0.954 0.096 0.109
UREA, mmol/L 481 465 460 443 0.092 0.502 0.658 0.813 0.484 0.772
TP g/L 54.28 63.59 5941 66.12 1.218 0.342 0.002 0.537 0112 0.622
SOD, U/L 132.31 129.22 143.79 124.71 2327 0910 0.082 0.165 0.131 0.773

ALB Albumin, ALP Alkaline phosphatase, ALT Alanine aminotransferase, AST Aspartate aminotransferase, CHO Cholesterol, GLU Glucose, LAC Lactic acid, LDH Lactate
dehydrogenase, TBA Total bile acid, TG Triglyceride, UREA Urea nitrogen, TP Total protein, SOD Superoxide dismutase

T HCON, LCON, HSIF, LSIF (1= 14), Pyyop¢: With vs. without SIF, Ppog.c: high- vs. low-yield

between treatment and production for all the blood bio-
chemical indices (Pryeat « produc >0-05). Further analysis
revealed higher GLU and lower LAC in HSIF vs. HCON
(Phy-con vs. ty-sie < 0.05) and a trend toward lower LAC in
LSIF vs. LCON (Py.con vs. Ly-siF = 0.052).

With respect to hormones (Table 5), SIF increased E2
and PROG and decreased PRL and GH (Pr, <0.001),
with no effect on INS (P, >0.05). No interaction
effect between treatment and production was detected
for the aforementioned parameters (Preae x pro-
due > 0.05). The same hormonal responses were observed
in both high-yield and low-yield dairy cows, indicating
that the regulation of cow endocrine function by SIF
does not depend on milk production levels.

Rumen microbiome structure, function, and phenotype
correlations in high- and low-yield cows

The differences in the rumen microbial composi-
tion and functions between high-yield and low-yield

cows were further identified (Fig. 1). Shannon diver-
sity was lower in HCON than in LCON (P=0.003).
PCoA revealed clear separation between groups
(PC1=52.78%, PC2=20.27%; R=0.3791, P=0.002),
indicating significant differences in B diversity. The
species enriched in HCON included Prevotella sp.,
Xylanibacter ruminicola, Hallella absiana, and Hallella
mizrahii, whereas Ruminococcus sp., Caudoviricetes
sp., Methanobrevibacter sp. Saccharibacteria bacte-
rium, Clostridium sp., Solobacterium sp., Blautia sp.,
Sarcina sp., Sodaliphilus sp., Mogibacterium sp., and
Butyrivibrio sp. were more abundant in LCON (relative
abundance Top 15; P<0.05, Fig. 1c). KEGG analyses
revealed greater capacities of HCON for amino sugar
and nucleotide sugar metabolism, galactose metabo-
lism, oxidative phosphorylation, other glycan degrada-
tion, fructose and mannose metabolism, phenylalanine
tyrosine and tryptophan biosynthesis, pentose and glu-
curonate interconversions, fatty acid metabolism, fatty

Table 5 Differential responses of blood hormone level to SIF supplementation in high- and low-yield dairy cows

Treatment’ CON SIF SEM Pvalue

Production HY Ly HY Ly Prreat Peroduc Prreat x produc  PHy-convs. HY-sIF Piy.convs.Ly-siF
E2, pg/mL 199.71 212.77 22529 247.11 2.983 <0.001 <0.001 0.682 0.001 <0.001

RPL, mIU/L 914.83 858.88 822.87 77644 9.595 <0.001 <0.001 0.714 0.001 0.003

PROG, ng/mL 253 2.74 298 3.17 0.043 <0.001 <0.001 0.753 <0.001 <0.001

GH, ng/mL 17.60 16.31 1591 14.55 0.180 <0.001 <0.001 0.981 <0.001 <0.001

INS, mIU/L 3947 38.78 36.19 37.55 0.531 0477 0.836 0.102 0.054 0.582

E2 Estradiol, PRL Prolactin, PROG Progesterone, GH Growth hormone, INS Insulin

" HCON, LCON, HSIF, LSIF (0= 14), Py,5: With vs. without SIF, Pp,ogc: high- vs. low-yield
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Fig. 1 Differences in rumen microbial community structure and function between high- and low-yield dairy cows. a Shannon index (a diversity). b
PCoA of Bray—Curtis distances (PC1=52.78%, PC2=20.27%; PERMANOVA R=0.3791, P=0.002). c Top 15 differential species (Wilcoxon rank-sum test,

P<0.05). d KEGG pathway enrichment (P <0.05)
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acid biosynthesis, flavonoid degradation, biotin metab-
olism, bacterial chemotaxis, vitamin B, metabolism,
cobalamin transport and metabolism and the nitrogen
cycle (P<0.05, Fig. 1d).

Spearman’s correlation analysis was subsequently per-
formed to examine the correlations among lactation
performance, differential rumen microbes, fermentation
parameters, and blood hormones in high- and low-yield
cows (Fig. 2). Four species-level microbes enriched in
the HCON group (Prevotella sp., Xylanibacter rumini-
cola, Hallella absiana, and Hallella mizrahii) presented
significant positive correlations with lactation perfor-
mance, whereas 11 species-level microbes enriched in
the LCON group (Ruminococcus sp., Caudoviricetes sp.,
Methanobrevibacter sp., Saccharibacteria bacterium,
Clostridium sp., Solobacterium sp., Blautia sp., Sarcina
sp., Sodaliphilus sp., Mogibacterium sp., and Butyrivi-
brio sp.) exhibited significant negative correlations
with lactation performance (Fig. 2a, r> |0.5], P<0.05).
In the HCON group, four enriched species (Prevotella
sp., Xylanibacter ruminicola, Hallella absiana, and Hal-
lella mizrahii) were significantly and positively corre-
lated with DMI and feed efficiency, whereas nine species
enriched in the LCON group (Ruminococcus sp., Metha-
nobrevibacter sp., Saccharibacteria bacterium, Clostrid-
ium sp., Solobacterium sp., Blautia sp., Sarcina sp.,
Mogibacterium sp., and Butyrivibrio sp.) showed signifi-
cant negative correlations with DMI and feed efficiency
(Fig. 2a, r> |0.5|, P<0.05). Additionally, Prevotella sp.
enriched in the HCON group was significantly and posi-
tively correlated with RT, whereas Clostridium sp., Solo-
bacterium sp., and Sarcina sp. enriched in the LCON
group were significantly and negatively correlated with
RT (Fig. 2a, r> |0.5|, P<0.05).

Additionally, correlation analysis between lacta-
tion performance and rumen fermentation parameters
revealed that the proportion of ruminal propionate was
significantly positively correlated with milk SNF, protein,
lactose, and dry matter intake (Fig. 2b, r> |0.5|, P<0.05).
The proportion of butyrate was significantly positively
correlated with milk fat content. The A:P ratio was sig-
nificantly negatively correlated with DMI. Blood E2 lev-
els were significantly negatively correlated with milk fat
yield, rumination time, and feed efficiency. Blood INS
levels were significantly negatively correlated with milk
fat content (Fig. 2b, r> |0.5], P<0.05).

Rumen microbiome structure, function, and phenotype
correlations after SIF supplementation in high-

and low-yield cows

Compared with the LSIF group, the HSIF group presented
greater Shannon diversity (Fig. 3a, P<0.001) and distinct
diversity (Fig. 3b, PC1=49.85%, PC2=15.21%; R=0.2655,

P=0.001). Caudoviricetes sp., Eubacterium sp., Clostrid-
ium sp., Sarcina sp., Sodaliphilus pleomorphus, Butyrivi-
brio sp., and bacteriophages were enriched in HSIF group,
whereas LSIF presented greater abundances of Prevotella
sp., Candidatus Cryptobacteroides sp., X. ruminicola,
Candidatus Limivicinus sp., Bacteroides sp., Candidatus
Colimorpha merdihippi, Alistipes sp., and Succiniclasti-
cum ruminis (relative abundance Top 15; P<0.05, Fig. 3c).
KEGG analyses revealed greater capacities of HSIF for
the biosynthesis of amino acids, biosynthesis of cofactors,
cysteine and methionine metabolism, the pentose phos-
phate pathway, one-carbon pool by folate, pantothenate
and CoA biosynthesis, propanoate metabolism, thiamine
metabolism, riboflavin metabolism, sulfur metabolism,
valine, leucine and isoleucine biosynthesis, the HIF-1
signalling pathway, tyrosine metabolism, the nitrogen
cycle, and metabolism of xenobiotics by cytochrome P450
(P<0.05, Fig. 3d). Correlation analysis revealed that most
taxa enriched in the HSIF group were significantly and
positively associated with milk production performance,
except for Clostridium sp. and Sodaliphilus pleomorphus,
whereas most LSIF-enriched taxa showed significant neg-
ative associations, with the exception of X. ruminicola.
(Fig. 4a, r> |0.5|, P<0.05).

Spearman’s correlation analysis was subsequently per-
formed to examine the correlations among lactation
performance, differential rumen microbes, fermentation
parameters, and blood hormones in high- and low-yield
dairy cows supplemented with SIF (Fig. 4). Five species-
level microbes enriched in the HSIF group (Caudoviri-
cetes sp., Eubacterium spp., Sarcina spp., Butyrivibrio
spp., and Bacteriophage spp.) showed significant positive
correlations with lactation performance, whereas seven
species-level microbes enriched in the LSIF group (Prevo-
tella sp., Candidatus Cryptobacteroides sp., Candidatus
Limivicinus sp., Bacteroides sp., Candidatus Colimorpha
merdihippi, Alistipes sp., and Succiniclasticum ruminis)
presented significant negative correlations with lactation
performance (Fig. 4a, r> |0.5|, P<0.05). The proportions
of ruminal acetate and A:P were significantly negatively
correlated with milk yield, milk component yields, DMI,
and feed efficiency, whereas the proportion of propionate
showed the opposite pattern. Blood E2 levels were signif-
icantly negatively correlated with milk component yields,
ECM, DM]I, and feed efficiency, whereas PRL was signifi-
cantly positively correlated with milk yield and milk com-
ponent yields (Fig. 4b, r> |0.5|, P<0.05).

Differential responses of the rumen microbial community
structure and function in high- and low-yield dairy cows

to SIF supplementation

The differences in the rumen microbial composition and
functions between high-yield and low-yield cows, with
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Fig. 2 Spearman correlations (|r] > 0.5, P<0.05) among lactation performance, differential microbes (species level), rumen fermentation parameters,
and circulating hormones in HCON vs. LCON
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Fig. 3 Response of the rumen microbiome of high- and low-yield dairy cows to SIF supplementation (HSIF vs. LSIF). a a-diversity (Shannon).
b PCoA of Bray—Curtis distances (PC1=49.85%, PC2=15.21%; PERMANOVA R=0.2655, P=0.001). c Top 15 differential species (P < 0.05). d KEGG
pathway enrichment (P<0.05)
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or without SIF supplementation, were further identified
(Fig. 5). SIF did not affect a-diversity in high-yield cows
(HSIF vs. HCON, P>0.05) but reduced Shannon diver-
sity in low-yield cows (Fig. 5a, LSIF vs. LCON, P<0.05),
whereas [-diversity shifted in both strata (Fig. 5b,
P<0.05).

In terms of differential microbial species, the LEfSe
analysis showed that Sharpea azabuensis, Oribacte-
rium sp., Lachnoclostridium sp. Marseille P6806, Para-
fannyhessea umbonate, Galactobacillus timonensis,
Desulfovibrio sp., Bilifractor sp., Bilifractor porci, Kleb-
siella pneumoniae and Clostridium vitabionis were sig-
nificantly enriched in the HSIF group; Hallella absiana,
Hallella mizrahii, Prevotella sp. tc2_28, Clostridium
sp. CAG793, Prevotella sp. ne3005, Segatella bryantii,
Segatella sp., Segatella albensis, Hallella sp., and Sega-
tella copri were significantly enriched in the HCON
group; Candidatus Cryptobacteroides sp., Xylanibac-
ter ruminicola, Faecousia sp., Candidatus Limivicinus
sp., Candidatus Colimorpha merdihippi, Candidatus
Limimorpha equi, Oscillibacter sp., Alistipes sp., Bacte-
roides sp., and Candidatus Colimorpha pelethequiwere
significantly enriched in the LSIF group; while Rumino-
coccus sp., Eubacterium sp., Blautia sp., Mogibacterium
sp., Candidatus Saccharibacteria bacterium, Chordico-
ccus furentiruminis, Sodaliphilus sp., Intestinibaculum
porci, Candidatus Scybalousia scybalohippi, and Porcin-
cola intestinalis were significantly enriched in the LCON
group (Fig. 5¢, LDA >2, P<0.05).

Functional profiling of differentially abundant taxa
indicated group-specific metabolic potentials (Fig. 5d,
LDA>2, P<0.05). The HSIF group exhibited enrichment
in enzymes linked to nucleotide metabolism and cell wall
turnover, including dUTP diphosphatase (EC 3.6.1.23),
ribonucleoside-triphosphate reductase (EC 1.1.98.6), rib-
onuclease H (EC 3.1.26.4), guanylate kinase (EC 2.7.4.8),
and lysozyme (EC 3.2.1.17). In HCON, carbohydrate-
active enzymes dominated, such as cellulase (EC 3.2.1.4),
endo-1,4-B-xylanase (EC 3.2.1.8), pectinesterase (EC
3.1.1.11), and arabinosidases (EC 3.2.1.99, EC 3.2.1.55),
suggesting enhanced dietary fiber degradation. The LSIF
group was enriched in enzymes involved in carbohydrate
metabolism, including [-galactosidase (EC 3.2.1.23),
a-glucosidase (EC 3.2.1.20), and serine-type D-Ala-D-Ala
carboxypeptidase (EC 3.4.16.4). Conversely, the LCON
group showed enrichment in enzymes associated with
DNA modification and energy metabolism, including
DNA methyltransferases (EC 2.1.1.37, EC 2.1.1.72), pyru-
vate formate-lyase activating enzyme (EC 1.97.1.4), pyru-
vate synthase (EC 1.2.7.1), and sortase A (EC 3.4.22.70).

KEGG enrichment analysis revealed significant func-
tional remodeling of the rumen microbiome under

different milk production levels and in response to SIF
supplementation (Fig. 6a). Compared with LCON, the
HCON group was enriched in pathways related to car-
bohydrate utilization, including other glycan degrada-
tion and fructose and mannose metabolism, whereas
LCON exhibited significant enrichment of central carbon
and methane-associated pathways, including microbial
metabolism in diverse environments, carbon metabo-
lism, glycolysis/gluconeogenesis, pyruvate metabolism,
and methane metabolism (P<0.05). This indicates that
the rumen metabolic characteristics of low-yield cows
are biased towards extensive carbon transformation
and methane generation, whereas high-yield cows focus
on the capacity for carbohydrate degradation. Com-
pared with LSIF, the HSIF microbiome was significantly
enriched in energy metabolism pathways, including
biosynthesis of amino acids, biosynthesis of cofactors,
cysteine and methionine metabolism, the citrate cycle
(TCA cycle), and propanoate metabolism (P<0.05). In
contrast, LSIF were enriched in other glycan degradation
and flavonoid degradation (P <0.05), indicating a stronger
capacity for substrate decomposition but a limited ability
in energy metabolism transformation. In high-yield cows,
SIF supplementation (HSIF vs. HCON) enhanced carbon
metabolism and pyruvate metabolism, whereas fructose
and mannose metabolism were more abundant in HCON
(P<0.05), indicating that SIF shifts primary sugar deg-
radation towards energy production and metabolic pro-
cesses. In low-yield cows, SIF supplementation (LSIF vs.
LCON) resulted in significant enrichment of carbohy-
drate metabolism pathways (starch and sucrose metabo-
lism, galactose metabolism, other glycan degradation
and propanoate metabolism), whereas LCON remained
enriched in microbial metabolism in diverse environ-
ments, amino acid and cofactor biosynthesis, and notably
methane metabolism (P<0.05). These findings suggest
that the supplementation of SIF can to some extent shift
low-yield cows from a methane-producing and basal
metabolic state to a high-efficiency carbohydrate metab-
olism state dominated by propionic acid, although the
functional remodeling is not as obvious as that in high-
yield cows. CAZyme enrichment analysis revealed that
GH25, GH77, and GH24 were significantly increased
in the HSIF group, whereas GH2, GH97, GH28, GH95,
GH106, GH115, GH92, GH31_4, GH10, GH51_2, GH29,
and GH105 were significantly increased in the LSIF
group (Fig. 6b, P<0.05). Collectively, these data indicate
that SIF induced a yield-dependent remodeling of the
rumen microbial metabolic network, reflecting the pro-
motion of anabolic capacity and propionate metabolism
in high-yield cows, while diminishing the prominence of
methane-related pathways.
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Fig. 4 Spearman correlations (|r] > 0.5, P<0.05) among lactation performance, differential microbes (species level), rumen fermentation parameters,

and circulating hormones in the HSIF vs. LSIF groups
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Haliella sp. EC 3.21.23
Segatella copri EC 3.1.3.3
Candidatus Cryptobacteroides sp. EC 3 2 1 5'5
Xylanibacter ruminicola e
Faecousia sp. EC 3.2.1.177
Candidatus Limivicinus sp. EC 3.1.1.117
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Candidatus Limimorpha equi EC 3.2.1.37
Oscillibacter sp. EC 3.2.1.40
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Bacteroides sp. EC 3.4.16.4
Candidatus Colimorpha pelethequi EC 2.1.1.72
Ruminococcus sp. EC 2.1.1.37
Eubacterium sp. EC1.97.1.4
. Blautia sp. EC 2.7.7.49
Mogibacterium sp. EC 1.8.4.8
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. L L EC 1.8.4.10
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Sodaliphilus sp. EC2.7.7.101
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Candidatus Scybalousia scybalohippi EC 3.4.22.70
Porcincola intestinalis EC 2.1.1.148
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Fig. 5 Effects of soybean isoflavones on the rumen microorganisms of dairy cows at the same production level. a a-diversity (Shannon; HY: HSIF vs.
HCON NS; LY: LSIF vs. LCON decreased). b -diversity (Bray—Curtis; P<0.05). ¢ LEfSe differential species (LDA> 2, P<0.05). d Differential KEGG enzyme
(EC) profiles (P<0.05)
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Differences in the metabolomic profiles of rumen in high-
and low-yield cows

Metabolomic analysis of dairy cow rumen fluid revealed
(HCON vs. LCON) that 133 metabolites were significantly
upregulated and 94 metabolites were significantly down-
regulated (Fig. 7a, VIP>1, P<0.05). The results of partial
least squares discriminant analysis (PLS-DA) revealed
a significant separation between the HCON group and
the LCON group, suggesting a significant difference in
metabolic status between the two groups (Fig. 7b). KEGG
enrichment analysis of the differentially abundant metab-
olites in the rumen revealed that the pathways associ-
ated with nucleotide metabolism, ABC transporters,
tryptophan metabolism, and arginine biosynthesis were
significantly enriched in the HCON group, whereas the
pathways associated with cysteine and methionine metab-
olism and histidine metabolism were significantly enriched
in the LCON group (Fig. 7c; VIP > 1, P<0.05; FC: TOP 15).
Furthermore, Spearman correlation analysis of the differ-
ential microbes and metabolites in the rumen from the
HCON and LCON groups was conducted. The signifi-
cantly enriched microbes in the HCON group (Prevotella
sp., Hallella absiana, and Hallella mizrahii) presented
significant positive correlations with the upregulated dif-
ferentially abundant metabolites ((E)-Indol-3-Ylacetaldox-
ime, 10-Hydroxycarbazepine, 3-Methyldioxyindole, etc.),
whereas the significantly enriched microbes in the LCON
group presented significant negative correlations with
the aforementioned differentially abundant metabolites
(Fig. 7d, r> |0.5], P<0.05).

Effects of SIF supplementation on the ruminal
metabolomic profiles of high- and low-yield cows

Further investigation was conducted to determine the
differential effects of SIF supplementation on the rumi-
nal metabolomic profiles of high- and low-yield dairy
cows (Fig. 8). Compared with those in the LSIF group,
261 metabolites in the HSIF group were significantly
upregulated, and 351 metabolites were significantly
downregulated (Fig. 8a, VIP > 1, P value <0.05). The PLS-
DA results indicated a significant separation between the
HSIF group and the LSIF group, suggesting a significant
difference in metabolic status between the two groups
(Fig. 8b). KEGG enrichment analysis of the differen-
tially abundant metabolites in the rumen revealed that
the pathways of primary bile acid biosynthesis, vitamin
B¢ metabolism, bile secretion, and histidine metabolism
were significantly enriched in the HSIF group, whereas
the pathways of D-amino acid metabolism, tryptophan
metabolism, arginine and proline metabolism, alanine,
aspartate and glutamate metabolism, and arginine bio-
synthesis were significantly enriched in the LSIF group

(Fig. 8c, VIP > 1, P<0.05, FC: TOP 15). Moreover, a Spear-
man correlation analysis of the differential microbes and
metabolites in the rumen from the HSIF and LSIF groups
was conducted. The significantly enriched microbes in
the HSIF group (Caudoviricetes spp., Eubacterium spp.,
Clostridium spp., Sarcina spp., Sodaliphilus pleomor-
phus, Butyrivibrio spp., and Bacteriophage spp.) showed
significant positive correlations with the upregulated dif-
ferentially abundant metabolites (17-Estradiol Cyclooctyl
Acetate, 2-Amino-3-Methoxybenzoic Acid, 4-Pyridoxic
Acid, 5-Hydroxyindoleacetylglycine, etc.), whereas the
significantly enriched microbes in the LSIF group pre-
sented significant negative correlations with the afore-
mentioned differentially abundant metabolites (Fig. 8d,
r>0.5], P<0.05).

To further confirm the interactions between rumen
microbes and metabolites, we used the Mantel test to
associate the matrix of differential microbial composition
with the KEGG pathways enriched with differentially
abundant metabolites (Fig. 9). In both high- and low-yield
dairy cows, Prevotella sp. was significantly positively cor-
related with tryptophan metabolism; Ruminococcus sp.
showed significant positive correlations with tryptophan
metabolism and arginine biosynthesis; Caudoviricetes
sp. was significantly positively correlated with D-amino
acid metabolism; Methanobrevibacter sp. showed sig-
nificant positive correlations with D-amino acid metab-
olism, nucleotide metabolism, ABC transporters, and
tryptophan metabolism; Saccharibacteria bacterium was
significantly positively correlated with ABC transport-
ers, cysteine and methionine metabolism, and arginine
biosynthesis; Clostridium sp. had significant positive
correlations with D-amino acid metabolism, nucleotide
metabolism, ABC transporters, and tryptophan metabo-
lism; Blautia sp. showed significant positive correlations
with tryptophan metabolism and arginine biosynthe-
sis; Sarcina sp. was significantly positively correlated
with tryptophan metabolism, cysteine and methionine
metabolism, and arginine biosynthesis; Sodaliphilus sp.
showed significant positive correlations with nucleo-
tide metabolism, ABC transporters, and cysteine and
methionine metabolism; Mogibacterium sp. was signifi-
cantly positively correlated with tryptophan metabolism
and arginine biosynthesis; Hallella absiana was signifi-
cantly positively correlated with arginine biosynthesis;
Butyrivibrio sp. was significantly positively correlated
with tryptophan metabolism, and Hallella mizrahii was
significantly positively correlated with arginine biosyn-
thesis (Fig. 9a, r> |0.5|, P<0.05). After SIF supplementa-
tion, Candidatus Cryptobacteroides sp. was significantly
positively correlated with vitamin Bg metabolism and
arginine biosynthesis (Fig. 9b, r> |0.5|, P<0.05).
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Discussion

This study verified the hypothesis that dietary supple-
mentation with SIF alters rumen function and host physi-
ology in dairy cows, as well as the different responses
to SIF in high- and low-yield dairy cows. Briefly, SIF
improved milk and component yields alongside a shift
toward a higher rumen fermentation efficiency (higher
propionate, lower A:P, and greater MCP), and reshaped
the endocrine status (increased E2 and PROG and
decreased PRL and GH), and restructured the rumen
microbiome and its functional repertoire. These find-
ings provide important theoretical evidence for precision
nutrition strategies, integrating multiomics data to iden-
tify microbial-metabolic-host pathways supporting SIF
efficacy, emphasizing the importance of individualized
feeding strategies for improving dairy cow productivity.

This study demonstrates that supplementation of SIF
at 0.01% of dietary (DM) in early-lactation Holstein
cows significantly increased milk yield. SIF remodeled
rumen metabolism around a central network of “SIF-
fermentation shift-increased MCP synthesis- improved
feed efficiency” with more pronounced responses in
high-yielding cows. Overall, SIF increased DMI by only
3.20% while milk yield rose by 8.75%, corresponding to
a 3.26% increase in feed efficiency. These results indi-
cate that the improvement in feed efficiency was not
solely driven by increased intake, but rather by enhanced
usable energy and utilizable protein per unit of feed.
This effect was more pronounced in high-yielding cows:
DMI increased by 3.63%, whereas milk yield and FCM
increased by 8.89% and 8.92%, respectively, resulting in a
4.55% improvement in feed efficiency.

At the rumen fermentation level, SIF increased the
propionate proportion by 4.55% and decreased the
A:P ratio by 7.02%, while markedly increasing MCP by
21.53%. These fermentation changes are consistent with
improved gluconeogenic substrate supply and microbial
protein synthesis. Supporting evidence from a study of a
multi-strain inoculant (Lactobacillus plantarum, L. buch-
neri, Propionibacterium acidipropionici, P. thoeni) shows
that higher ruminal propionate, lower methane emission
intensity, and greater nutrient digestibility are closely
associated with improved feed efficiency in dairy cows
[5]. Improved feed efficiency therefore not only reduces
feed costs per unit of milk but also lowers greenhouse-gas
emission intensity per unit of product. Notably, NH;-N
concentrations did not change while MCP increased
significantly, suggesting improved nitrogen utilization
efficiency rather than increased ammonia production.
These results align with previous studies reporting that
isoflavone-enriched diets regulate rumen fermentation
and improve the antioxidant and immune status of dairy
cows [37, 49]. Previous studies have shown that daidzein

can increase the yield of propionate in the in vitro rumen
fermentation broth of goats, and the yield of propionate
is the highest when the content of daidzein is 10 mg/L
[29]. Propionate infusion has been shown to increase
gluconeogenesis and increase the glucose supply, thus
increasing milk protein production [50-53]. Propionic
acid is the main carbon source for gluconeogenesis in the
liver of ruminants. Theoretically, increasing the supply of
propionic acid is closely related to lactose synthesis and
the improvement of milk production [53]. In this study,
an increase in plasma glucose levels was observed in the
high-yield group, and propionate was positively corre-
lated with SNF, protein, and lactose in milk, supporting
this gluconeogenic mechanism. The increase in MCP
further suggests enhanced microbial growth and nitro-
gen use efficiency, which is consistent with the role of
isoflavones as redox-active regulators that promote bac-
terial proliferation and protein synthesis [37]. Therefore,
the observed improvement in feed efficiency in this study
is best explained by a synergistic mechanism whereby
enhanced energy supply efficiency (increased ruminal
propionate) and greater metabolizable protein availability
(elevated MCP) contribute to increased milk production.

For the first time, this study systematically compared
the blood hormone response patterns of high- and low-
yield dairy cows following SIF supplementation. The
results showed that SIF significantly increased E2 and
PROG concentrations while decreasing PRL and GH
levels, with no impact on INS. Notably, the trends of
these hormonal changes were consistent across differ-
ent milk production levels, suggesting that the estro-
gen-like activity of SIF [19] in regulating endocrine
function in dairy cows is independent of milk yield.
As a plant-derived phytoestrogen, SIF has a structure
similar to that of 173-estradiol and can bind to estrogen
receptors (ERa and ERP), regulating downstream sign-
aling pathways [54]. In a study of mice supplemented
with isoflavones for 6 weeks, increases in blood E2 and
PROG levels were observed [55], which is consistent
with the endocrine results noted in this study. Con-
versely, the decreased levels of PRL and GH indicate
feedback inhibition at the hypothalamic—pituitary level.
One study revealed that PROG can inhibit the expres-
sion of PRL in the anterior pituitary of adult rats [56],
which may explain the changes in PROG and PRL levels
in the blood of dairy cows following SIF supplementa-
tion. High levels of E2 have been shown to suppress GH
secretion [57], and the decline in GH levels in both high-
and low-yield cows may reflect a shift in nutritional
allocation from growth promotion to activation of the
reproductive axis, in line with the increased PROG con-
centration, highlighting the potential benefits of SIF on
dairy cow reproductive performance. Additionally, the
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reduction in ALP, LAC, and TG in the blood indicates
improved liver function and lipid metabolism, which is
consistent with the antioxidant and anti-inflammatory
properties of isoflavones [37, 49].

At the microbial level, we identified Prevotella sp.,
Xylanibacter ruminicola, Hallella absiana, and Hal-
lella mizrahii as high-yield associated microbial species,
whereas Ruminococcus sp., Caudoviricetes sp., Methano-
brevibacter sp., Saccharibacteria bacterium, Clostridium
sp., Solobacterium sp., Blautia sp., Sarcina sp., Soda-
liphilus sp., Mogibacterium sp., and Butyrivibrio sp. were
linked to low-yield cows. This aligns with findings in
larger studies that reported that the abundance of Bac-
teroidetes and propionate-producing communities was
associated with higher efficiency, supporting the idea that
both the host and microbiome jointly determine feed effi-
ciency [8, 58-61].

Significant differences in o and B diversity, species
composition, and functionality between the high- and
low-yield groups indicate that the rumen microbiota
is markedly distinct between these groups, which may
influence the SIF utilization efficiency. In the control
group, high-yield cows were enriched with microbial
communities significantly positively correlated with lac-
tation performance (e.g., Prevotella sp., Hallella absiana,
Hallella mizrahii), whereas low-yield cows presented
relatively high relative abundances of Ruminococcus sp.,
Mogibacterium sp., and Methanobrevibacter sp. Rumen
microbiota are primarily composed of Prevotella sp. is
typically associated with efficient carbohydrate degrada-
tion and propionate-type fermentation metabolism [8,
62, 63], whereas communities rich in Ruminococcus sp.
and Methanobrevibacter sp. tends to produce acetate and
hydrogen, promoting methane generation and reducing
feed efficiency [34, 61].

After SIF treatment, the high-yield dairy cow rumen
was enriched with microbes such as Caudoviricetes sp.,
Eubacterium sp., Sarcina sp., Sodaliphilus pleomorphus,
Butyrivibrio sp., and Bacteriophage sp., whose func-
tional advantages include amino acid, cofactor (vitamin
B, thiamine, riboflavin), and propionate metabolism.
These changes enhanced the biosynthetic capacity of
the microbes and improved energy efficiency along the

(See figure on next page.)

propionate pathway, supporting better energy and nitro-
gen utilization in the rumen. In contrast, low-yield dairy
cows enriched Prevotella sp., Bacteroides sp., and Suc-
ciniclasticum ruminis after-SIF treatment, with a focus
on starch and sucrose metabolism, galactose metabo-
lism, and other carbohydrate degradation. Although
these pathways support energy generation, their nitro-
gen cycling capabilities, such as amino acid synthesis
and cofactor metabolism, are weaker, indicating that the
lower production performance in low-yield dairy cows
may be related to the mismatch in energy and nitrogen
utilization rates.

The biological activity of SIF depends on microbial
deglycosylation and subsequent reduction to generate
bioactive aglycone metabolites similar to equol [18, 64].
The rumen microbiota can effectively cleave and reduce
isoflavones [30], but the amount of equol and related
metabolites produced is influenced by community com-
position and enzymes [65-67]. After SIF treatment,
enzymes involved in isoflavonoid degradation (GH2,
GH29, GH95, GH97, cellulase, mannan, endo-1,4-beta-
mannosidase, beta-galactosidase, etc.), polysaccharide-
degrading microbial communities (e.g., Clostridium
vitabionis, Oribacterium sp., Bilifractor sp., Faecousia
sp., Bacteroides sp.), and a greater flavonoid degradation
function (degradation of flavonoids) were significantly
enriched, facilitating the rapid activation of SIF. Fur-
thermore, the metabolomic results revealed significant
increases in metabolites such as 2,4-bis(4-hydroxybenzyl)
phenol, flavonol 3-O-D-glucoside, and daidzein 7-O-glu-
curonide, further confirming the role of rumen microbes
in isoflavone degradation.

Although we integrated multiomics data, we could
still not determine causal relationships; inferences were
made through pathway enrichment rather than direct
quantification. Future studies will focus on combining
Prevotella sp. or B-glucosidase-positive probiotics to test
their synergistic effects on propionate and MCP, as well
as utilizing meta-transcriptomics and molecular biology
to explore the mechanisms by which SIF regulate differ-
ences in milk yield responses via the rumen-liver-mam-
mary gland axis. Although this study found consistent
endocrine regulation of SIF (soy isoflavones) in both

Fig. 10 Effects of soybean isoflavones (SIF) on lactation performance, rumen fermentation, microbiota structure and function, and endocrine
regulation in dairy cows. (1) SIF supplementation decreased the ruminal acetate proportion and A:P ratio while increasing propionate and MCP
concentrations, shifting rumen fermentation toward a more efficient propionate-dominant profile. (2) SIF significantly altered the rumen
microbiome; HSIF enriched beneficial isoflavone-degrading taxa, including Eubacterium sp., Butyrivibrio sp., Bacteriophage sp, Bilifractor sp.,
Clostridium vitabionis, and Butyrivibrio sp., and enhanced pathways related to amino acid biosynthesis, propanoate metabolism, and pyruvate
metabolism, leading to a more balanced utilization of energy and protein. (3) SIF increased plasma E2 and PROG levels, potentially benefiting
reproductive performance, while reducing PRL and GH levels, which could help redirect energy towards lactation rather than nonlactational tissues.
These endocrine changes were consistent across high- and low-yield cows, suggesting that SIF may optimize hormonal homeostasis to increase

lactation efficiency
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high- and low-yield cows, its effects on rumen metabo-
lism and microbiome composition exhibited milk yield-
dependent differences. Our current data cannot explain
this phenomenon. In the future, we aim to assess the bio-
availability of SIF and active metabolites (concentration
dynamics) or tissue sensitivity differences (in the rumen,
liver, gonads, mammary glands, etc.) in cows with vary-
ing milk yields. This will enable establishing a cascading
network linking host physiological status, rumen micro-
ecology, SIF metabolism, and endocrine responses, ulti-
mately helping to understand the effects of functional
additives under different production scenarios.

As illustrated in the overall schematic summary of
this study (Fig. 10), our research demonstrated that SIF
enhances lactation performance in dairy cows, leading
to a shift towards efficient propionate-type fermentation,
accompanied by endocrine and rumen microbiome—
metabolome remodeling. These effects are more pro-
nounced in high-yield dairy cows, providing a theoretical
basis for the application of SIF as a novel functional addi-
tive in the precise nutritional regulation of the dairy cow
microbiome.

Conclusion

Supplementation with SIF at dose of 0.01% DM improved
lactation performance, increasing milk yield by 8.75%
(with component yields: fat+6.12%, SNF+8.03%, pro-
tein +7.62%, lactose+7.84%) and raising FCM by 7.20%
alongside DMI+3.20% and feed efficiency+3.26%. SIF
shifted fermentation toward a more efficient pattern, with
propionate molar proportion+4.55%, acetate—2.70%,
A:P—-7.02%, and MCP+21.53% (including+24.25%
in high-yield and+18.88% in low-yield cows) reshap-
ing the endocrine profile and rumen microbiome. These
responses were more pronounced in high-yield cows,
where milk yield increased 8.89% and feed efficiency
improved 4.55%. This study provides theoretical support
for the use of SIF as a novel functional additive in preci-
sion microbe-based nutrition strategies for dairy cows.

Abbreviations

AP The ratio of acetate to propionate
ADF Acid detergent fibre

ALB Albumin

ALP Alkaline phosphatase

ALT Alanine aminotransferase
AST Aspartate aminotransferase
ATP Adenosine triphosphate
CHO Cholesterol

CcP Crude protein

DM Dry matter

DMI Dry matter intake

E2 Estradiol

FCM Fat-corrected milk yield
FDR False discovery rate

GH Growth hormone

GLU Glucose

HY High-yield

INS Insulin

LAC Lactic acid

LDH Lactate dehydrogenase

LEfSe Linear discriminant analysis effect size
Ly Low-yield

MCP Microbial crude protein

NDF Neutral detergent fibre

OPLS-DA  Orthogonal partial least squares discriminant analysis
PRL Prolactin

PROG Progesterone

SIF Soybean isoflavones

SNF Solids-not-fat

SOD Superoxide dismutase

TBA Total bile acid

TG Triglyceride

TP Total protein

UREA Urea nitrogen

VFA Volatile fatty acids

VIP Variable importance in projection

Acknowledgements

The authors thank the Innovative Research Team of Animal Nutrition & Healthy
Feeding (Northwest A&F University, Shaanxi, China) for their assistance in
sample collection. The authors would also like to thank Liru Jian from the State
Key Laboratory of Crop Stress Biology for Arid Areas, NWAFU, for the LC-MS
analyses. We also give special thanks to Dr. Xiuhuan Li of the State Key Labora-
tory of Crop Stress Resistance and High-Efficiency Production, NWAFU, for her
kind help with gas chromatography.

Authors’ contributions

JXW, ZCG, WSR and YJH led the design. JXW, RJR, ZYH, LJ, WJR, HXF, and ZZH
participated in the performance of the experiments, the measurement of
indicators, and the analysis of the data. JXW, WSR, and YJH led the conceptu-
alization, methodology, writing-reviewing and editing. All authors read and
approved the final manuscript.

Funding

This study was supported by the National Center of Technology Innovation
for Dairy (2024-KFKT-011), National Natural Science Foundation of China
(32272829), Shaanxi Livestock and Poultry Breeding Double-chain Fusion Key
Project (grant number 2022GD-TSLD-46-0501).

Data availability
The data produced or analysed during the current study are available from the
corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate

This study was conducted in strict accordance with the guidelines of the
Administration of Affairs Concerning Experimental Animals (Ministry of Sci-
ence and Technology, China, revised 2004). The experimental procedures for
animal management and care (protocol number: DK2022047) were reviewed
and approved by the Animal Care and Use Committee of Northwest A&F
University (Yangling, China).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

!College of Animal Science and Technology, Northwest A&F University,
Yangling, Shaanxi 712100, China. 2National Center of Technology Innovation
for Dairy, Hohhot 010100, China. 3Leyuan Animal Husbandry, JUNLEBAO
Company, Shijiazhuang, Hebei 050221, China.

Received: 31 October 2025 Accepted: 13 March 2026
Published online: 08 May 2026

2061



Jiang et al. Journal of Animal Science and Biotechnology

References

1.

Mizrahi I, Jami E. Review: the compositional variation of the rumen
microbiome and its effect on host performance and methane emission.
Animal. 2018;12(s2):5220-32. https://doi.org/10.1017/s17517311180019
57.

BuY, Zhang X, Xiong Z, Li K, Zhang S, Lin M, et al. Effect of red clover
isoflavones on ruminal microbial composition and fermentation in dairy
cows. Appl Microbiol Biotechnol. 2025;109(1):107. https://doi.org/10.
1007/500253-025-13497-z.

Ma G, Jin W, Zhang Y, Gai Y, Tang W, Guo L, et al. A meta-analysis of dietary
inhibitors for reducing methane emissions via modulating rumen micro-
biota in ruminants. J Nutr. 2025;155(2):402-12. https://doi.org/10.1016/j.
{jnut2024.12.011.

Shi F, Ma Z, Mi J,Yang X, Jing X, Yang X, et al. Methane emissions from
indigenous nitrogen-efficient bovidae are overestimated. Commun Earth
Environ. 2025;6(1):786. https://doi.org/10.1038/543247-025-02755-7.
Olorunlowu S, Sidoruk P, Sznajder J, Szczesny J, Lechniak D, Pawlak P, et al.
Effects of a multi-strain lactic and propionic acid bacteria inoculant on
silage quality, methane emissions, milk composition, and rumen microbi-
ome. Animals. 2025. https://doi.org/10.3390/ani15182740

Zhao XH, Zhou S, Bao LB, Song XZ, Ouyang KH, Xu LJ, et al. Response of
rumen bacterial diversity and fermentation parameters in beef cattle to
diets containing supplemental daidzein. Ital J Anim Sci. 2018;17(3):643-9.
https://doi.org/10.1080/1828051X.2017.1404943.

Liu X, Tang Y, Chen H, Liu JX, Sun HZ. Rumen DNA virome and its relation-
ship with feed efficiency in dairy cows. Microbiome. 2025;13:14. https.//
doi.org/10.1186/540168-024-02019-0.

Zhang C, Liu H, Jiang X, Zhang Z, Hou X, Wang Y, et al. An integrated
microbiome- and metabolome-genome-wide association study reveals
the role of heritable ruminal microbial carbohydrate metabolism in
lactation performance in holstein dairy cows. Microbiome. 2024;12:232.
https://doi.org/10.1186/540168-024-01937-3.

Matthews C, Crispie F, Lewis E, Reid M, O'Toole PW, Cotter PD. The rumen
microbiome: a crucial consideration when optimising milk and meat pro-
duction and nitrogen utilisation efficiency. Gut Microbes. 2019;10(2):115-
32. https://doi.org/10.1080/19490976.2018.1505176.

Tovar-Herrera OE, Grinshpan |, Sorek G, Lybovits |, Levin L, Morais S,

et al. Core rumen microbes are functional generalists that sustain host
metabolism and gut ecosystem function. Nat Ecol Evol. 2026;10(1):44-58.
https://doi.org/10.1038/541559-025-02904-3.

. Yang P Yan L, Wu Z, LiY,YanY, Zhou F, et al. Rumen microbial dysbiosis is

associated with productive lifespan decline in dairy cows via metabolic-
inflammatory crosstalk. Microbiome. 2025;14:22. https://doi.org/10.1186/
540168-025-02263-y.

Yang J,FengY, Guo T, Guo S, Yang M, Zhou D, et al. The impact of

rumen and hindgut microbiomes on the persistent productivity of
long-lived dairy cows. Microbiome. 2026;14:60. https://doi.org/10.1186/
540168-025-02309-1.

Mizrahi I, Wallace RJ, Morais S. The rumen microbiome: balancing food
security and environmental impacts. Nat Rev Microbiol. 2021;19(9):553-
66. https://doi.org/10.1038/541579-021-00543-6.

Jia X, Zhang Y, Tian B, Zhang G, Mao S, Qian W, et al. Integrative analysis
of rumen microbiota and host multi-organ interactions underlying feed
conversion efficiency in hu sheep. J Anim Sci Biotechnol. 2026;17:19.
https://doi.org/10.1186/540104-025-01333-3.

Zhang X, Zhong R, Wu J, Tan Z, Jiao J. Dietary selection of distinct gas-
trointestinal microorganisms drives fiber utilization dynamics in goats.
Microbiome. 2025;13:118. https://doi.org/10.1186/540168-025-02112-y.
Franke AA, Custer LJ, Cerna CM, Narala KK. Quantitation of phytoes-
trogens in legumes by HPLC. J Agric Food Chem. 1994;42(9):1905-13.
https://doi.org/10.1021/jf00045a015.

Yuan JP, Wang JH, Liu X. Metabolism of dietary soy isoflavones to equol
by human intestinal microflora-implications for health. Mol Nutr Food
Res. 2007,51(7):765-81. https://doi.org/10.1002/mnfr.200600262.

Luca SV, Macovei |, Bujor A, Miron A, Skalicka-Wozniak K, Aprotosoaie AC,
et al. Bioactivity of dietary polyphenols: the role of metabolites. Crit Rev
Food Sci Nutr. 2020;60(4):626-59. https://doi.org/10.1080/10408398.2018.
1546669.

Setchell KD, Brown NM, Lydeking-Olsen E. The clinical importance of the
metabolite equol-a clue to the effectiveness of soy and its isoflavones. J
Nutr. 2002;132(12):3577-84. https://doi.org/10.1093/jn/132.12.3577.

20.

21.

22.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

2062

Rowland |, Faughnan M, Hoey L, Wahala K, Williamson G, Cassidy A. Bio-
availability of phyto-oestrogens. Br J Nutr. 2003,89:545-58. https://doi.
0rg/10.1079/bjn2002796.

Zhang R, Li Y, Wang W. Enhancement of immune function in mice fed
high doses of soy daidzein. Nutr Cancer. 1997;29(1):24-8. https://doi.org/
10.1080/01635589709514597.

Zhengkang H, Wang G, Yao W, Zhu WY. Isoflavonic phytoestrogens—new
prebiotics for farm animals: a review on research in China. Curr Issues
Intest Microbiol. 2006;7(2):53-60.

. Liu DY, He SJ, Liu SQ, Tang YG, Jin EH, Chen HL, et al. Daidzein enhances

immune function in late lactation cows under heat stress. Anim Sci J.
2014;85(1):85-9. https://doi.org/10.1111/asj.12080.

Greiner LL, Stahly TS, Stabel TJ. The effect of dietary soy daidzein on
pig growth and viral replication during a viral challenge. J Anim Sci.
2001;79(12):3113-9. https://doi.org/10.2527/2001.79123113x.

Xiong Z, Zhang X, Zhang S, Li K, Gao Y, Bu Y, et al. Effects of red clover
isoflavone on lactation performance, milk quality and nitrogen
metabolism in dairy cows. Anim Nutr. 2025;22:191-200. https://doi.
org/10.1016/j.aninu.2025.03.010.

Rehfeldt C, Adamovic |, Kuhn G. Effects of dietary daidzein supple-
mentation of pregnant sows on carcass and meat quality and skeletal
muscle cellularity of the progeny. Meat Sci. 2007;75(1):103-11. https://
doi.org/10.1016/j.meatsci.2006.06.028.

Zhao R,Wang Y, Zhou Y, NiY, Lu L, Grossmann R, et al. Dietary daidzein
influences laying performance of ducks (Anas platyrhynchos) and early
post-hatch growth of their hatchlings by modulating gene expres-
sion. Comp Biochem Physiol A Mol Integr Physiol. 2004;138(4):459-66.
https://doi.org/10.1016/j.cbpb.2004.06.004.

Zhao RQ, Zhou YC, Ni YD, Lu LZ, Tao ZR, Chen WH, et al. Effect of daid-
zein on egg-laying performance in shaoxing duck breeders during dif-
ferent stages of the egg production cycle. Br Poult Sci. 2005;46(2):175-
81. https://doi.org/10.1080/00071660500064808.

Mao SY, Zhu WY, Wang QJ, Yao W. Effect of daidzein on in vitro fer-
mentation by microorganisms from the goat rumen. Anim Feed Sci
Technol. 2007;136(1):154-63. https://doi.org/10.1016/j.anifeedsci.2006.
09.012.

Trnkové A, Sancové K, Zapletalovéa M, Kagparovské J, Daddkova K,
Kfizova L, et al. Determination of in vitro isoflavone degradation in
rumen fluid. J Dairy Sci. 2018;101(6):5134-44. https://doi.org/10.3168/
jds.2017-13610.

Gagnon N, Cortes C, da Silva D, Kazama R, Benchaar C, dos Santos G,

et al. Ruminal metabolism of flaxseed (Linum usitatissimum) lignans to
the mammalian lignan enterolactone and its concentration in ruminal
fluid, plasma, urine and milk of dairy cows. Br J Nutr. 2009;102(7):1015-23.
https://doi.org/10.1017/s0007114509344104.

Petit HV, Cortes C, da Silva D, Kazama R, Gagnon N, Benchaar C, et al. The
interaction of monensin and flaxseed hulls on ruminal and milk concen-
tration of the mammalian lignan enterolactone in late-lactating dairy
cows. J Dairy Res. 2009;76(4):475-82. https://doi.org/10.1017/5002202990
9990215.

ZhaoY,Yu S, Li L, Zhao H, Li Y, Jiang L, et al. Feeding citrus flavonoid
extracts decreases bacterial endotoxin and systemic inflammation and
improves immunometabolic status by modulating hindgut microbiome
and metabolome in lactating dairy cows. Anim Nutr. 2023;13:386-400.
https://doi.org/10.1016/j.aninu.2023.03.007.

Badhan A, Wang Y, Terry S, Gruninger R, Guan LL, McAllister TA. Invited
review: interplay of rumen microbiome and the cattle host in modulating
feed efficiency and methane emissions. J Dairy Sci. 2025;108(6):5489-501.
https://doi.org/10.3168/jds.2024-26063.

Tapio M, Fischer D, Mantysaari P, Tapio I. Rumen microbiota predicts

feed efficiency of primiparous nordic red dairy cows. Microorganisms.
2023;11(5):1116-37. https://doi.org/10.3390/microorganisms11051116.
Xue MY, Xie YY, Zhong Y, Ma XJ, Sun HZ, Liu JX. Integrated meta-omics
reveals new ruminal microbial features associated with feed efficiency

in dairy cattle. Microbiome. 2022;10:32. https://doi.org/10.1186/
540168-022-01228-9.

Kasparovska J, Pecinkova M, Dadakova K, Krizova L, Hadrova S, Lexa M,

et al. Effects of isoflavone-enriched feed on the rumen microbiota in
dairy cows. PLoS ONE. 2016;11(4):e0154642. https://doi.org/10.1371/
journal.pone.0154642.



Jiang et al. Journal of Animal Science and Biotechnology

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

Zhao XH, Chen ZD, Zhou S, Song XZ, Ouyang KH, Pan K, et al. Effects

of daidzein on performance, serum metabolites, nutrient digestibility,
and fecal bacterial community in bull calves. Anim Feed Sci Technol.
2017,225:87-96. https://doi.org/10.1016/j.anifeedsci.2017.01.014.

AOAC. Official methods of analysis. 20th ed. Arlington, VA: Association of
official analytical chemists; 2016.

Van Soest PJ, Robertson JB, Lewis BA. Methods for dietary fiber, neutral
detergent fiber, and nonstarch polysaccharides in relation to animal
nutrition. J Dairy Sci. 1991;74(10):3583-97. https://doi.org/10.3168/jds.
50022-0302(91)78551-2.

Palmquist DL, Conrad HR. High fat rations for dairy cows. Effects on feed
intake, milk and fat production, and plasma metabolites. J Dairy Sci.
1978,61(7):890-901. https://doi.org/10.3168/jds.50022-0302(78)83667-4.
Li F, Yang XJ, Cao YC, Li SX, Yao JH, Li ZJ, et al. Effects of dietary effective
fiber to rumen degradable starch ratios on the risk of sub-acute ruminal
acidosis and rumen content fatty acids composition in dairy goat. Anim
Feed SciTechnol. 2014;189:54-62. https://doi.org/10.1016/j.anifeedsci.
2013.12.011.

Wang D, Chen L, Tang G, Yu J, Chen J, Li Z, et al. Multi-omics revealed

the long-term effect of ruminal keystone bacteria and the microbial
metabolome on lactation performance in adult dairy goats. Microbiome.
2023;11:215. https://doi.org/10.1186/540168-023-01652-5.

Broderick GA, Kang JH. Automated simultaneous determination of
ammonia and total amino acids in ruminal fluid and in vitro media. J Dairy
Sci. 1980;63(1):64-75. https://doi.org/10.3168/jds.50022-0302(80)82888-8.
Chen S, Zhou'Y, Chen Y, Gu J. Fastp: an ultra-fast all-in-one fastq preproc-
essor. Bioinformatics. 2018;34(17):i884-90. https://doi.org/10.1093/bioin
formatics/bty560.

Li D, Liu CM, Luo R, Sadakane K, Lam TW. Megahit: an ultra-fast single-
node solution for large and complex metagenomics assembly via suc-
cinct de bruijn graph. Bioinformatics. 2015;31(10):1674-6. https://doi.org/
10.1093/bioinformatics/btv033.

Fu L, Niu B, Zhu Z, Wu S, Li W. Cd-hit: accelerated for clustering the next-
generation sequencing data. Bioinformatics. 2012;28(23):3150-2. https://
doi.org/10.1093/bioinformatics/bts565.

Buchfink B, Xie C, Huson DH. Fast and sensitive protein alignment using
diamond. Nat Methods. 2015;12(1):59-60. https://doi.org/10.1038/nmeth.
3176.

Zhang X, Xiong Z, Zhang S, Li K, Bu Y, Zheng N, et al. Enrichment of milk
antioxidant activity by dietary supplementation of red clover isoflavone
in cows and its improvement on mice intestinal health. Food Chem.
2024;446:138764. https://doi.org/10.1016/j.foodchem.2024.138764.
Hurtaud C, Lemosquet S, Rulquin H. Effect of graded duodenal infusions
of glucose on yield and composition of milk from dairy cows. 2. Diets
based on grass silage. J Dairy Sci. 2000;83(12):2952-62. https://doi.org/10.
3168/jds.50022-0302(00)75195-2.

Rulquin H, Rigout S, Lemosquet S, Bach A. Infusion of glucose directs
circulating amino acids to the mammary gland in well-fed dairy cows. J
Dairy Sci. 2004;87(2):340-9. https://doi.org/10.3168/jds.50022-0302(04)
73173-2.

Raggio G, Lemosquet S, Lobley GE, Rulquin H, Lapierre H. Effect of casein
and propionate supply on mammary protein metabolism in lactating
dairy cows. J Dairy Sci. 2006;89(11):4340-51. https://doi.org/10.3168/jds.
50022-0302(06)72481-X.

Reyes GC, Innes DJ, Ellis JL, Fox MK, Cant JP. Relationship between rate of
glucose or propionate infusion and milk protein yield and concentration
in dairy cows: a meta-regression. J Dairy Sci. 2024;107(5):2785-96. https://
doi.org/10.3168/jds.2023-23644.

Setchell KD, Clerici C. Equol: history, chemistry, and formation. J Nutr.
2010;140(7):1355s-51362. https://doi.org/10.3945/jn.109.119776.

Chen YM, Wang IL, Zhu XY, Chiu WC, Chiu YS. Red clover isoflavones influ-
ence estradiol concentration, exercise performance, and gut microbiota
in female mice. Front Nutr. 2021;8:623698. https://doi.org/10.3389/fnut.
2021.623698.

Cho BN, Suh YH, Yoon YD, Lee CC, Kim K. Progesterone inhibits the
estrogen-induced prolactin gene expression in the rat pituitary. Mol Cell
Endocrinol. 1993;93(1):47-52. https://doi.org/10.1016/0303-7207(93)
90138-a.

Leung KC, Johannsson G, Leong GM, Ho KK. Estrogen regulation of
growth hormone action. Endocr Rev. 2004;25(5):693-721. https://doi.org/
10.1210/er.2003-0035.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

2063

Martinez-Boggio G, Monteiro HF, Lima FS, Figueiredo CC, Bisinotto RS,
Santos JEP, et al. Investigating relationships between the host genome,
rumen microbiome, and dairy cow feed efficiency using mediation analy-
sis with structural equation modeling. J Dairy Sci. 2024;107(10):8193-204.
https://doi.org/10.3168/jds.2024-24675.

Xue MY, Sun HZ, Wu XH, Liu JX, Guan LL. Multi-omics reveals that the
rumen microbiome and its metabolome together with the host metabo-
lome contribute to individualized dairy cow performance. Microbiome.
2020;8(1):64. https://doi.org/10.1186/540168-020-00819-8.

Xue MY, Xie YY, Zang XW, Zhong YF, Ma XJ, Sun HZ, et al. Deciphering
functional groups of rumen microbiome and their underlying potentially
causal relationships in shaping host traits. Imeta. 2024;3(4).e225. https.//
doi.org/10.1002/imt2.225.

Newbold CJ, Ramos-Morales E. Review: ruminal microbiome and
microbial metabolome: effects of diet and ruminant host. Animal.
2020;14(1):s78-86. https://doi.org/10.1017/s1751731119003252.

Jami E, White BA, Mizrahi . Potential role of the bovine rumen micro-
biome in modulating milk composition and feed efficiency. PLoS ONE.
2014;9(1):e85423. https://doi.org/10.1371/journal.pone.0085423.

Shabat SK, Sasson G, Doron-Faigenboim A, Durman T, Yaacoby S, Berg
Miller ME, et al. Specific microbiome-dependent mechanisms underlie
the energy harvest efficiency of ruminants. ISME J. 2016;10(12):2958-72.
https://doi.org/10.1038/ismej.2016.62.

Wu X, Zhao L, Ma Y, Liang W, Fang X, Liao Z, et al. Analysis of the biotrans-
formation mechanism of soy isoflavones via equol-producing HMA mice
model. J Funct Foods. 2022;98:105274. https://doi.org/10.1016/}jff.2022.
105274.

Ketudat Cairns JR, Esen A. -Glucosidases. Cell Mol Life Sci.
2010;67(20):3389-405. https://doi.org/10.1007/s00018-010-0399-2.
Bowey E, Adlercreutz H, Rowland I. Metabolism of isoflavones and lignans
by the gut microflora: a study in germ-free and human flora associated
rats. Food Chem Toxicol. 2003;41(5):631-6. https://doi.org/10.1016/50278-
6915(02)00324-1.

Matthies A, Clavel T, Gltschow M, Engst W, Haller D, Blaut M, et al. Conver-
sion of daidzein and genistein by an anaerobic bacterium newly isolated
from the mouse intestine. Appl Environ Microbiol. 2008;74(15):4847-52.
https://doi.org/10.1128/aem.00555-08.



