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Abstract

Background Under high-concentrate feeding conditions, ruminants often experience rumen microecological imbal-
ance and dysfunction, which can impair growth performance and increase the risk of antibiotic resistance gene (ARG)
dissemination.

Results To evaluate the ameliorative effects of Aspergillus niger (A. niger) cultures, fattening sheep were randomly
allocated into the following five groups: a control group (CON), a control diet supplemented with 250, 500, or 1,000
mg/kg A. niger cultures (designated as LA, MA, and HA, respectively); and an antibiotic group supplemented

with 5,000 mg/kg chlortetracycline premix (AN). Microbial community analysis indicated that several bacterial taxa,
including Succinivibrio sp900317105, Prevotella sp002353485, Quinella sp017515635, Quinella sp015206805, and Prevo-
tella sp900320255, were significantly enriched in the A. niger culture-supplemented groups (P < 0.05). ARG profiling
showed that the abundance of tetracycline resistance genes was significantly lower in all A. niger groups com-

pared with the CON and AN groups (P < 0.05), while B-lactam resistance genes were significantly reduced in the HA
group (P<0.05). Furthermore, the abundances of Rank | and Rank Il ARGs were significantly higher in the AN group
than in the other groups, whereas the abundances of Rank Il and Rank IV ARGs were significantly lower in the A. niger
culture groups than in the CON and AN groups. Metabolomic analysis further demonstrated that supplementa-

tion with A. niger cultures significantly decreased the concentration of N-decanoyl-L-homoserine lactone (P < 0.05)
while increasing the levels of N-3-oxotetradec-7Z-enoyl-L-homoserine lactone, indole-3-methyl acetate, and indole-
3-propionic acid (P<0.05).

Conclusions These findings suggest that A. niger cultures can reduce the abundance of ARGs and mitigate the risk
of ARG dissemination by modulating the rumen microbial community and associated metabolites.

"Yihan Wang and Yu Peng contributed equally to this work.

*Correspondence:

Ruiyang Zhang

zhangruiyang@syau.edu.cn

Xianfeng Peng

pengist@hotmail.com

Full list of author information is available at the end of the article

©The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

2235



Wang et al. Journal of Animal Science and Biotechnology

microbiota

Graphical Abstract

C10-HSL,
tryptamine, tyramine,

cell cycle

5-hydroxyindoleacetaldehyde

ce ruminal

mune function

im

Keywords Antibiotic resistance genes, Aspergillus niger cultures, High-concentrate diets, Metabolomics, Rumen

Aspergillus niger @
cultures °°{@° a
E S
@ —
- : [ - v
centrifuge P
| ——— rumen content
, Supernatant blood (g >

:  Growth Blood l
i Performance Parameters : D LR LR EEE TR EEEE :
TR ——— . - s : Bacteria :
i | ADG T | SOD :T ' i+ CAZymes TR T i e E &
T il SESEEES . : bopmmoeeemeeeeoes ARGs : i1 0 Prevotellaspp. |
T """""""" Gﬁ?;g'g:;‘h 4 tetracyclineand | | =~ Succinivibri K
} | GH148 , CBM41. i1} Lo p-lactam ; l: i § =R Succinlvibrio spp.; | |
Metabolomics KEGG Efl—s—tfp—ciginﬁsi B O umellaspp
L e ] ' N e S e e , . 1 — :
i | 3-ox0-Cl4:1-HSL, i i aufophagy-other, : :RankIlARGs, ;| 71 Eukaryote '
. . ' . H ] autophagy-yeast ' - Rank [V ARGs ' i e P :
'  indole-3-propionic, . . [ P B ' ot .-
: 3 : ' 1 1 phosphatidylinositol : | . ' : v Stentor IR
i _iindole-3:methylacetate; i :!'signalingsystem, ;|:antbiotictargeti| ! i 4
: : ' | quorum sensing, .| protection 4 . | § S Tetrahymena el

Introduction
With the rapid development of animal husbandry,
enhancing rumen health and optimizing production

performance have emerged as critical concerns
in ruminant rearing [1]. Microbial feed additives,
particularly  fungal fermentation products such

as Aspergillus spp., have been widely explored as
effective strategies for enhancing rumen fermentation
and metabolic efficiency, thereby improving growth
performance, lactation productivity, and overall animal
health [2, 3].

The genus Aspergillus is widely used as a microbial
additive in ruminant nutrition. Among its species,
A. oryzae has been extensively studied and has
demonstrated  significant  benefits for  growth
performance, rumen health, and microbial homeostasis
[4]. Similar to A. oryzae, A. niger and its fermentation
cultures are rich in extracellular enzymes (including

cellulase, amylase, and pectinase), metabolites, and
secondary metabolites [5]. These characteristics provide
A. niger and its cultures with considerable potential to
enhance rumen microbial balance and improve nutrient
utilization in ruminants. Previous studies have provided
preliminary evidence supporting the beneficial effects
of A. miger. For example, in vitro rumen fermentation
experiments showed that supplementation with A.
niger cultures significantly increased gas production
and exhibited strong amylolytic activity [6]. In addition,
extracts obtained from the co-cultivation of A. oryzae
and A. niger have been reported to significantly improve
in vitro digestibility, rumen fermentation characteristics,
and bacterial community composition [7]. However,
despite these promising findings, systematic in vivo
studies investigating the effects of A. niger cultures on
ruminant physiology and rumen microbial ecology
remain limited.
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Antimicrobial resistance (AMR) represents a pressing
global public health challenge, significantly jeopardizing
antibiotic efficacy and elevating the rates of treatment
failure and mortality in both humans and animals [8].
The rumen, as a complex microbial ecosystem, has been
identified as a major reservoir of antibiotic resistance
genes (ARGs) [9]. These genes can persist within the
rumen microbiota and may enter environmental systems
through animal excretion. Moreover, ARGs have the
potential to disseminate to humans via the food chain or
direct contact with livestock, thereby amplifying public
health risks associated with antimicrobial resistance [10].
Previous studies have revealed that nutritional regulation
measures can influence the abundance and distribution of
ARGs by altering the composition of rumen microbiota
[9]. Given the potential of A. niger cultures to regulate
rumen microbiota, it is important to determine whether
such supplementation can also reduce the risk of ARG
dissemination. Therefore, this study preliminarily and
systematically investigated the effects of A. niger cultures
on growth performance, rumen microbial composition,
ARGs, and metabolic profiles in fattening sheep. The
results are anticipated to contribute to the scientific basis
for applying A. niger cultures as functional feed additives
in ruminant production systems.

Materials and methods

Experimental design

In this study, 50 fattening female lambs derived from
crossbreeding between Small-tailed and Charolais
sheep (14.60+0.22 kg body weight, BW) at 3 months
of age were selected and reared in 2m X2 m enclosures
at the experimental station of Shenyang Agricultural
University. All sheep were fed an identical diet without A.
niger for a 14-day pre-feeding period. The experimental
sheep were randomly allocated into five treatment
groups and fed the following diets: a control diet (CON;
n=10), a control diet supplemented with 250 mg/kg A.
niger cultures (LA; n=10), a control diet supplemented
with 500 mg/kg A. niger cultures (MA; n=10), a control
diet supplemented with 1,000 mg/kg A. niger cultures
(HA; n=10), and a control diet supplemented with
5,000 mg/kg chlortetracycline premix (AN; #=10). The
chlortetracycline premix (Citifac, CP BIO) contained
15% chlortetracycline. The formulation of the daily
rations was according to NY/T 816-2021 [11], and the
composition and nutritional analysis of the control diet
are presented in Table S1. The experimental period
lasted 42 d. The experimental sheep were maintained
in individual pens, with water available ad libitum. The

animals were fed a total mixed ration twice daily at 0800 h
and 1700 h. Throughout the experiment, daily feed intake
was recorded for each sheep, and BW was measured
weekly before the morning feeding to calculate initial
body weight (IBW), final body weight (FBW), average
daily gain (ADG), average daily feed intake (ADFI) and
feed-to-gain ratio (F/G).

Sample collection

At the end of the experimental period (d 42), rumen
contents and blood samples were collected in the
morning before feeding from eight randomly selected
sheep per group. Rumen fluid was collected using a
rumen tube [12], and the rumen contents were filtered
through four layers of cheesecloth [13]. The ruminal
pH was then measured using a glass electrode (pH400,
Analysis Instrument Technology Co., Ltd., Shanghai,
China). The remaining samples were stored at —80 °C for
subsequent analyses, including fermentation parameters,
microbial composition, and metabolomic profiling. On d
42, blood samples were collected via jugular venipuncture
from the experimental sheep, and the separated plasma
supernatants were stored at —80 °C for further analysis.

Blood biochemical, antioxidant and immunological
indicator measurement

Total protein (TP), albumin (ALB), globulin (GLB),
total cholesterol (TC), triglycerides (TG), alanine
aminotransferase (ALT), aspartate aminotransferase
(AST), lactate dehydrogenase (LDH), alkaline
phosphatase (ALP), glucose (GLU), high-density
lipoprotein (HDL), low-density lipoprotein (LDL), and
blood urea nitrogen (BUN) were determined using a
fully automated biochemical analyzer (BS-420, Myriad
Biomedical Electronics Co., Ltd., Shenzhen, China). In
addition, glutathione peroxidase (GSH-Px), superoxide
dismutase (SOD), malondialdehyde (MDA), catalase
(CAT) and total antioxidant capacity (T-AOC) were
measured using commercial assay kits according to
the manufacturer’s instructions (HY-60021, Huaying
Institute of Biotechnology, Beijing, China). Moreover,
the levels of immunoglobulin A (IgA), immunoglobulin
G (IgQ), and immunoglobulin M (IgM) were determined
according to previously reported methods [14].

Rumen fermentation parameters

The concentrations of volatile fatty acids (VFA) and
ammonia nitrogen (NH;-N) in rumen contents were
detected using a gas chromatograph (GC-7890B, Agilent
Technologies, Shanghai, China) and a spectrophotometer
(Model 722S, Shanghai Prism Technology Co., Ltd,,
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Shanghai, China), respectively, following the procedures
described by Hu et al. [15]. Furthermore, according to the
method reported by Ge et al. [16], the Caulmers Brilliant
Blue method and enzyme labeling (Infinite M200 pro,
TECAN, Inc., Zurich, Switzerland) assay techniques were
employed for the detection of microbial protein (MCP)
concentrations.

Rumen microbial DNA extraction, metagenomic
sequencing, and data analysis

Total DNA was extracted from sheep rumen content
samples using the E.Z.N.A.® Stool DNA Kit (Omega Bio-
tek, Norcross, GA, USA) according to the manufacturer’s
instructions. Sequencing libraries were constructed
from high-quality DNA samples (OD260/280=1.8
to 2.2, OD260/230>2.0). Metagenomic sequencing
libraries for each sample were prepared using the TruSeq
DNA Library Preparation Kit (Catalog No. FC-121-
2001, IHlumina, USA). All libraries were quantified
and subsequently sequenced by Shanghai Bazelon
Biotechnology Co., Ltd. All samples were sequenced in
double-ended 150 bp (PE150) mode on a next-generation
sequencing (NGS) platform. Diversity indices, including
richness, Simpson, and Shannon indices, were calculated
using Mothur v.1.21.1 [17]. Beta diversity was assessed
using the Community Ecology R-vegan software package
(version 2.6—4). The raw sequencing data have been
deposited in the NCBI Sequence Read Archive under
accession number PRINA1345050.

Rumen metabolome

Separation of polar metabolites was achieved using
a Waters ACQUITY UPLC BEH Amide column (2.1
mmX 50 mm, 1.7 pm) [18] installed on a Vanquish
UPLC system (Thermo Fisher Scientific, Massachusetts,
USA). The mobile phase was composed of A: an aqueous
solution of 25 mmol/L. ammonium acetate and 25
mmol/L ammonia, and B: acetonitrile. The sample tray
temperature was set at 4 °C, and a 2-pL sample was
injected. Mass spectrometry data, both primary and
secondary, were collected on an Orbitrap Exploris 120
instrument controlled by the software (Xcalibur, version
4.4, Thermo).

Following the conversion of raw data to mzXML
format using ProteoWizard, metabolites were identified
via the collaborative R package in conjunction with the
BiotreeDB (v3.0) database [19]. Partial least squares
discriminant analysis (PLS-DA) and orthogonal partial
least squares discriminant analysis (OPLS-DA) of the
metabolomic data were conducted using SIMCA-P 13.0
(Umetrics, Umed, Sweden).

Statistical analysis

All data, including growth performance, blood
parameters, rumen fermentation parameters, and
microbial diversity indices, were subjected to one-way
ANOVA using SPSS software (version 22.0, SPSS Inc.,
Chicago, IL, USA), and multiple comparisons were
performed using Duncan’s test. Specifically, only the
abundant microbial taxa at the phylum and genus levels
with an abundance greater than 0.1% were included
in the statistical analysis, as described by Zhang et al.
[20]. Results are presented as mean +standard error of
the mean (SEM). P<0.05 was considered statistically
significant.

Principal coordinate analysis (PCoA) of microbial
composition and functions was performed using
the R-vegan software package (version 4.3.2). Gephi
0.8.2 (https://gephi.org/) was applied to conduct the
network diagrams. Differential metabolites were
identified through statistical analysis combined with
variable importance in the projection (VIP, generated
from PLS-DA analysis) values. Ruminal metabolites
meeting the criteria of P<0.05 and VIP>1 were defined
as differential metabolites between the two dietary
treatments.

Results

Growth performance

In terms of growth performance, the groups did not differ
significantly in the IBW, FBW, and ADFI of fattening
sheep (P>0.05). Compared with the CON group, a
markedly higher ADG (P<0.05) was observed in the AN
and HA groups. Throughout the experimental period, the
HA group had the numerically lowest F/G, followed by
the AN group, but the groups did not differ significantly
(P>0.05, Table 1).

Blood biochemical, antioxidant, and immunological
indicators

As far as blood biochemical indices were concerned,
compared with the AN, a marked increase in TP content
was observed in the LA and MA groups (P<0.05). The
A. niger culture groups exhibited significantly elevated
GLB content compared with the AN group (P<0.05). In
addition, compared with the MA group, GLU content
was higher in the LA, AN, and CON groups (P<0.05).
No significant effects of the dietary treatments were
observed on the remaining blood biochemical indices
(P>0.05; Table 2).

Moreover, compared with the CON and LA groups,
the MA and HA groups displayed a significant elevation
in SOD levels (P<0.05); these levels were comparable to
those in the AN (P>0.05). Dietary supplementation did
not significantly (P>0.05) affect GSH-PX, T-AOC, CAT,

2238



Wang et al. Journal of Animal Science and Biotechnology

Table 1 The effects of dietary treatments on growth performance of fattening sheep

Item’ Groups? SEM3 P-value
CON MA HA

IBW, kg 1498 1476 1456 1433 0219 0873

FBW, kg 22.16 2169 21.91 2263 0.257 0307

ADG, g/d 170.88° 212.88° 164.25° 175.25%¢ 197,63 4528 0.001

ADFI, g 1,079.5 127013 1,096 1,12863 1,146.5 29.422 0.270

F/G 6.36 6.46 587 0.156 0.382

' IBW Initial body weight, FBW Final body weight, ADG Average daily gain, ADF/ Average daily feed intake, F/G Feed to gain ratio

2 CON=a control diet; AN =a control diet+ 5,000 mg/kg chlortetracycline premix; LA=a control diet+ 250 mg/kg A. niger cultures; MA =a control diet+ 500 mg/kg A.

niger cultures; HA=a control diet + 1,000 mg/kg A. niger cultures

3 Standard error of the mean

2= Within the same row, means with different superscripts indicate statistically significant differences (P <0.05)

Table 2 The effects of dietary treatments on blood biochemical, antioxidant and immunological indices in fattening sheep

Item’ Groups? SEM3 P-value
CON AN LA MA HA
TP.g/L 61.73% 58.76P 63.68° 65.70° 6167 0.713 0.023
ALB, g/L 2893 30.21 29.58 28.15 2801 0.393 0.351
GLB, g/L 32.80% 28.56° 34.11° 37.55° 33,667 0.852 0.014
TC, mmol/L 126 134 130 141 122 0.040 0.647
TG, mmol/L 0.29 0.27 037 033 0.30 0.023 0.658
HDL, mmol/L 0.56 0.63 061 063 0.60 0.017 0.746
LDL, mmol/L 0.50 046 046 0.56 041 0.027 0497
GLU, mmol/L 459° 5072 489° 3.93° 45420 0.110 0.007
BUN, mg/dL 1589 16.78 16.49 19.00 17.12 0492 0.343
AST, U/L 119.85 14366 148.11 131.99 145.63 5568 0481
ALT, U/L 22,07 29.64 2457 25231 26.20 1470 0612
ALP, U/L 503.70 59281 501.83 366.18 47472 25823 0.085
LDH, U/L 536.09 62633 624.90 551.52 607.30 14817 0.156
SOD, U/mL 67.41° 71.98% 65.64° 80.51 80.99% 1.962 0.021
GSH-PX, U/mL 14578 164.20 152.81 15839 166.66 4014 0482
T-AOC, U/mL 6.32 6.75 6.20 6.70 7.60 0.182 0.115
CAT, U/mL 30.81 3484 32.28 35.53 36.95 0.876 0.163
MDA, nmol/mL 507 455 548 420 376 0.207 0.060
IgA, g/L 139 128 134 140 140 0.029 0635
I9G, g/L 2044 19.68 21.02 21.93 2133 0.383 0417
IgM, g/L 0.85 0.79 0.86 09 0.88 0018 0.386

' TP Total protein, ALB Albumin, GLB Globulin, TC Total cholesterol, TG Triglycerides, HDL High-density lipoprotein, LDL Low-density lipoprotein, GLU Glucose, BUN
Blood urea nitrogen, AST Aspartate aminotransferase, ALT Alanine aminotransferase, ALP Alkaline phosphatase, LDH Lactate dehydrogenase, SOD Superoxide
dismutase, GSH-PX Glutathione peroxidase, T-AOC Total antioxidant capacity, CAT Catalase, MDA Malondialdehyde, IgA Immunoglobulin A, IgG Immunoglobulin G, IgM

Immunoglobulin M

2 CON=a control diet; AN =a control diet + 5,000 mg/kg chlortetracycline premix; LA=a control diet + 250 mg/kg A. niger cultures; MA =a control diet+ 500 mg/kg A.

niger cultures; HA=a control diet+ 1,000 mg/kg A. niger cultures

3 Standard error of the mean

b Means with different superscripts indicate statistically significant differences within corresponding sampling times and variables (P<0.05)
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Table 3 The effects of dietary treatments on rumen pH and fermentation parameters in fattening sheep

Item’ Groups? SEM3 P-value
CON AN LA MA HA

pH 6.95° 7.33° 6.83° 7.00° 7.12% 0.050 0017
Acetate, mmol/L 4240 43.98 49.17 48.36 57.73 2672 0418
Propionate, mmol/L 11.89 11.31 17.24 1341 17.14 1.045 0.208
Butyrate, mmol/L 10.72 7.88 9.71 9.94 14.62 0916 0.206
Valerate, mmol/L 046 0.26 0.54 0.37 0.58 0.041 0.096
Isobutyrate, mmol/L 034 0.09 0.46 0.28 0.09 0.059 0.197
Isovalerate, mmol/L 041 0.65 061 0.63 0.77 0.055 0.37
TVFA, mmol/L 66.22 64.18 7773 72.98 90.92 4429 0332
MCP, mg/dL 19.17 18.8 19.08 19.68 19.39 0.485 0.987
NH;-N, mg/dL 1142 12.08 11.93 1244 13.04 0.377 0.742

T TVFA Total volatile fatty acids, MCP Microbial protein

2 CON=a control diet; AN =a control diet+ 5,000 mg/kg chlortetracycline premix; LA=a control diet + 250 mg/kg A. niger cultures; MA =a control diet+ 500 mg/kg A.
niger cultures; HA=a control diet + 1,000 mg/kg A. niger cultures

3 Standard error of the mean

b Within the same row, means with different superscripts indicate statistically significant differences (P <0.05)

and MDA contents in blood antioxidant indices in fat-
tening sheep. Also, there was no significant effect on
IgA, IgG, and IgM contents in blood immunity indexes
(P>0.05; Table 2).
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Ruminal pH and fermentation parameters

As shown in Table 3, compared with the CON, LA,
and MA groups, a significant elevation (P<0.05) in
ruminal pH was observed in the AN group of fattening
sheep. However, the HA group exhibited no marked
difference (P>0.05) in ruminal pH compared with all
remaining groups. None of the rumen fermentation

B
o CON
® AN
g LA
z AMA
i AHA
o
PERMANOVA P=0.002

PC1=21.54%

Group Sums of squares Mean squares F.Model _Variation (R?) P value

CON/AN 0.314 0.314 1.701 0.108 0.013
CON/LA 0.371 0.371 2.033 0.127 0.001
CON/MA 0.352 0.352 1.688 0.108 0.013
CON/HA 0.375 0.375 1.91 0.12 0.004
AN/LA 0.264 0.264 1.664 0.106 0.018
AN/MA 0.329 0.329 1.784 0.113 0.016
AN/HA 0.312 0.312 1.803 0.114 0.006
LA/IMA 0.155 0.155 0.848 0.057 0.738
LA/HA 0.148 0.148 0.865 0.058 0.694
MA/HA 0.169 0.169 0.86 0.058 0.701

Fig. 1 Rumen microbial diversity of fattening sheep. A The richness, Shannon and Simpson indices of rumen microbiota. B PCoA and PERMANOVA
of rumen microbiota. CON =a control diet; AN=a control diet + 5,000 mg/kg chlortetracycline premix; LA=a control diet+ 250 mg/kg A. niger

cultures; MA=a control diet+ 500 mg/kg A. niger cultures; HA=a control diet+ 1,000 mg/kg A. niger cultures. **Different superscripts indicate

statistically significant differences (P< 0.05)
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parameters (acetate, propionate, butyrate, valerate, MCP,
and NH;-N) were markedly influenced (P>0.05) by the
dietary treatments (Table 3).

Rumen microbial diversity

The effects of different ration treatments on rumi-
nal microbial diversity in fattening sheep are shown in
Fig. 1A. The analysis demonstrated a significantly ele-
vated (P <0.05) rumen microbial KO abundance richness
index in the AN, LA, and MA groups compared with the
CON group. Moreover, compared with the CON group,
all four experimental groups harbored a significantly ele-
vated (P<0.05) Simpson index in the rumen microbiota
at the species level. No significant effects of the different
ration treatments were observed on the other diversity
indices (P>0.05). The PCoA and PERMANOVA results
indicated that the rumen microbiota of the CON and AN
groups were significantly distinct (P<0.05) from those of
the A. niger culture groups (Fig. 1B). In contrast, no sig-
nificant differences were observed among the different A.
niger culture groups (P>0.05).

Composition of the rumen bacteria
At the phylum level, rumen bacteria were mainly
composed of Bacteroidota, Bacillota C, Bacillota A,

Pseudomonadota, and Bacillota (Fig. 2A). For rumen
microbial phyla exceeding 0.1% in relative abundance, the
dietary groups indicated no marked differences (P> 0.05).
Compared with the CON group, the ruminal abundances
of Ruminococcus E, Selenomonas A, and Selenomonas B
at the genus level were markedly lower (P<0.05) in the
MA and HA groups, while the abundance of L/BA2804,
Gab6Al and UBA1217 in the AN group was higher
(P<0.05) than those in the CON, MA, and HA groups
(Fig. 2B).

The influence of the dietary treatments on the rumen
bacteria community (species level) is depicted in Fig. 2C.
LEfSe analysis showed that a total of 48 strains were
significantly (P<0.05) affected by dietary treatments.
Eight strains, such as Selemomonas A ruminantium
and Selenomonas B sp017635515, were significantly
enriched (P<0.05) in the CON group. A total of 13
strains, including Prevotella sp902799975 and Prevotella
sp902770635, exhibited significant enrichment in the
AN group (P<0.05). Nine strains, such as Succinivibrio
sp900317105 and Prevotella sp002353485 showed
marked enrichment (P<0.05) in the LA group. Quinella
sp017515635, Sodaliphilus sp002353285, and three other
strains were significantly enriched in fattening sheep in
the MA group (P<0.05). Similarly, 13 strains, including
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Fig. 2 The effects of dietary treatments on rumen bacteria at the phylum (A), genus (B) and species (C) levels. CON=a control diet; AN=a control
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Quinella sp015206805 and Prevotella sp900320255,
showed marked enrichment in the HA group (P <0.05).

Composition of the rumen archaea

At the phylum level, rumen archaea of fattening sheep
were mainly composed of Methanobacteriota, Nano-
archaeota, Thermoplasmatota, Halobacteriota, and
Asgardarchaeota (Fig. 3A). Statistical analysis of the
archaeal phyla with relative abundance greater than 0.1%
revealed that the abundance of Halobacteriota in the
rumen of fattening sheep in the AN and A. niger culture
groups was significantly lower than in the CON group
(P<0.05, Fig. 3B). No significant differences (P>0.05)
were detected among the ration treatments for the other
archaeal phyla. At the genus level, no significant effects
(P>0.05) of dietary treatments on archaea were observed.
At the species level, LEfSe analysis showed that Methano-
sphaera sp017431845 was markedly enriched (P<0.05) in
the LA group and Methanobrevibacter sp024409165 was
enriched (P<0.05) in the AN group (Fig. 3C). No signifi-
cantly enriched (P>0.05) archaea strains were found in
the rumen of fattening sheep in the CON, MA, and HA
groups.

Composition of rumen eukaryotes

At the phylum level, eukaryotes predominantly con-
sisted of Ciliophora, Streptophyta, Chytridiomycota,
Arthropoda, and Nematoda (Fig. 4A). Statistical analysis
of the eukaryotic phyla with relative abundance greater
than 0.1% revealed (Fig. 4B) that the abundance of Cili-
ophora was significantly higher in the AN, LA, and MA
groups than in the CON group (P<0.05). Compared with
the CON group, the ruminal abundance of Streptophyta
was significantly lower (P<0.05), while that of Apicompl-
exa was higher (P<0.05) in the AN and A. niger culture
groups. The abundance of Stylonychia, Cryptosporidium,
and Cystoisospora was significantly higher (P<0.05)
at the genus level, while the abundance of Lupinus and
Rhynchophorus was significantly lower (P<0.05) in the
rumen of fattening sheep in the AN and A. niger culture
groups as compared with the CON group (Fig. 4C). The
abundance of Tetrahymena, Ichthyophthirius, Stentor,
Anaeramoeba, Moneuplotes, Pseudocohnilembus, Para-
mecium, and Blepharisma was increased (P<0.05) in
the AN, LA, and MA groups compared with the CON
group. At the species level (Fig. 4D), Dictyostelium discoi-
deum showed significant enrichment (P<0.05) in the AN
group. In addition, Kipferlia bialata, Pseudocohnilem-
bus persalinus, Paramecium sonneborni, and Stylonychia
lemnae were enriched in the LA group (P<0.05), while
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Globomyces pollinis-pini was enriched in the rumen of
fattening sheep in the MA group (P<0.05).

Changes in carbohydrate active enzyme (CAZyme) profiles
of rumen microbiota

At the class level, our results showed that the rumen
microbial CAZymes were mainly composed of GH (aver-
age 42.61%), GT (average 26.79%), CE (average 14.18%),
CBM (average 9.79%), and PL (average 2.70%) (Fig. S1C).
However, statistical analysis revealed that different treat-
ments did not affect the abundance of rumen microbial
CAZymes in fattening sheep at the class level, as shown
in Fig. 5A (P>0.05).

PCoA coupled with PERMANOVA revealed no sig-
nificant differences in CAZymes among the groups
(P=0.324, Fig. S1A). Furthermore, analysis at the fam-
ily level showed that the rumen microbial CAZymes
were predominated by GT2 (average 11.4%), CE1 (aver-
age 5.66%), GT4 (average 5.27%), GH13 (average 3.95%),
and GH2 (average 3.32%) (Fig. S1D). As indicated by the
statistical analysis (Fig. 5B), GT4, CE1, and CBM20 were
enriched (P<0.05) in the CON group. GH73, CBM61,
CBM22, GH128, GH103, CBM97, CBM84, GH79, GT99,
GH119, GT104, and GT102 revealed significant enrich-
ment (P<0.05) in the AN. The LA group showed sig-
nificant enrichment mainly in GH10, GT116, GT77,
GT33, GT43, CBM46, GH129, GH148, PL17, and GT7
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(P<0.05). GT92, GT17, CBM41, and CBM38 showed
enrichment prominently in the MA group (P<0.05). CE7,
GH74, CBMS85, and GT20 were enriched in the rumen of
sheep in the HA group (P<0.05).

Alterations in KEGG pathways of rumen microbiota

At KEGG level 2 (Fig. S1E), rumen microbial categories
mainly included global and overview maps (average
28.82%), carbohydrate metabolism (average 10.08%),
amino acid metabolism (average 7.53%), metabolism of
cofactors and vitamins (average 5.96%), and translation
(average 5.22%). Moreover, PCoA and PERMANOVA
revealed no significant variation in KEGG level 3
functional profiles among the groups (P=0.695, Fig. S1B).
At KEGG level 3 (Fig. S1F), rumen microbial categories
mainly included metabolic pathways (average 18.53%),
biosynthesis of secondary metabolites (average 8.43%),
biosynthesis of antibiotics (average 5.47%), microbial
metabolism in diverse environments (average 3.86%),
and biosynthesis of amino acids (average 3.70%). Among
them, degradation of aromatic compounds, arginine
and proline metabolism, beta-alanine metabolism, and
biosynthesis of secondary metabolites showed significant
enrichment in the CON group (P<0.05). Arabinogalactan
biosynthesis—Mycobacterium was enriched in the rumen
microbiota of fattening sheep in the AN group (P<0.05).

Autophagy—other, the phosphatidylinositol signaling
system, the mRNA surveillance pathway, and autophagy—
yeast exhibited significant enrichment in the LA group
(P<0.05). Carbon fixation in photosynthetic organisms
and quorum sensing (QS) was prominently enriched
(P<0.05) in rumen microbiota of fattening sheep in the
MA group. In contrast, the apelin signaling pathway,
regulation of actin cytoskeleton, and the cell cycle
pathway displayed significant enrichment in the HA
group (P<0.05, Fig. 5C).

Alterations in microbial ARGs in the rumen

Analysis at the type level demonstrated that the A. niger
culture groups harbored a significantly lower abundance
(P<0.05) of tetracycline ARGs in the rumen compared
with the CON and AN groups (Fig. 6A and Fig. S2A),
while no significant differences were observed between
the rest of the groups (P>0.05). A significantly lower
B-lactam abundance was found in the HA group com-
pared with both the CON and AN groups (P<0.05). In
contrast, the A. niger culture groups showed no signifi-
cant differences (P> 0.05).

PCoA combined with PERMANOVA analysis indi-
cated a trend towards a difference between the AN and
CON groups (P=0.088), whereas the A. niger culture
groups were statistically significantly different from the
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CON and AN groups (P<0.05, Fig. 7A and B). In addi-
tion, analysis at the subtype level showed that seven
ARGs were significantly altered by the different ration
treatments (P<0.05). The abundance of rumen micro-
bial tet(Q) and tet(W) in three A. niger culture groups of
fattening sheep was lower than that of the CON and AN
groups (P<0.05), whereas the remaining groups did not
differ significantly from one another (2> 0.05). The abun-
dance of rumen microbial tet(O), tet(40), and mel in the

AN group of fattening sheep was higher than that of the
CON and A. niger culture groups (P<0.05). The A. niger
culture groups exhibited a significantly reduced abun-
dance of the rumen microbiota ACI-1 compared with the
CON group (P<0.05). A significantly lower abundance of
rumen microbiota rsmA was observed in the MA, HA,
and CON groups compared with the AN group (P<0.05,
Fig. 6B and Fig. S2B).
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Furthermore, statistical analysis of rumen microbiota
ARGs categorized by hierarchy revealed (Fig. 6C) that the
abundance of Rank I ARGs in the AN group was higher
(P<0.05) than that in the CON and A. miger culture
groups. The AN group exhibited the highest abundance
of Rank IT ARGs (P<0.05), with both the AN and CON
groups showing significantly greater (P <0.05) abundance
compared with the A. niger culture groups. Compared
with the CON group, the abundance of Rank III ARGs
was significantly lower (P<0.05) in the HA group, while
the abundance of Rank IV ARGs in the A. niger culture
groups was lower (P<0.05) than that in both the CON
and AN groups. No significant differences (P>0.05) were
observed among the other groups. Furthermore, results
of the resistance gene mechanism in the rumen of fat-
tening sheep (Fig. 8) revealed that, compared with the
CON group, the activity of antibiotic target protection
differed significantly (P<0.05) in the AN group and the
A. niger culture groups. Compared with the CON group,
enzymatic inactivation activity was significantly lower in
the MA and HA groups (P<0.05). In addition, compared
with the CON group, the activity of efflux pump mecha-
nisms showed significant differences in the AN and HA
groups (P<0.05).

Functional contributions of ARGs in rumen microbiota

In the present study, the results demonstrated that
the abundance of tetracycline and p-lactam ARGs was
significantly affected by dietary treatments. Therefore,
we conducted a functional contribution analysis of
these two types of ARGs. At the phylum level (Fig.
S3A), functional contribution analysis of tetracycline
ARGs showed that the major contributors were
Pseudomonadota, Bacteroidota, and Bacillota A. Minor
contributions were also detected from phyla such as
Bacillota. Tolumonas, Prevotella, and Eubacterium T

were identified as key contributors at the genus level
(Fig. S3B). Other genera, including Agathobacter,
Peptacetobacter, and RUG11690, also contributed,
albeit to a smaller degree. Major contributors
included Tolumonas sp008015085, Eubacterium T
pyruvativorans, Prevotella sp900314755, and Prevotella
sp002354095 at the species level (Fig. S3C). In
contrast, species such as Agathobacter sp900549895,
Peptacetobacter hominis, and RUG14300 sp024400635
demonstrated relatively low contributions.

An analysis of the functional contributions to
B-lactam ARGs indicated that Bacillota C and
Bacillota A were the dominant phyla (Fig. S3D).
Bacteroidota also made a contribution, albeit minor.
At the genus level, high-level contributors included
Succiniclasticum, RUG14300, and Oliverpabstia (Fig.
S3E). Key species contributing to B-lactam resistance
were  Succiniclasticum  sp017405945, RUG14300
sp945482995, and Oliverpabstia sp022764165 (Fig.
S3F). Several species, including Sphingobacterium
stercorigallinarum, played a role as minor constituents.

Rumen metabolomics

PLS-DA analysis revealed significant differences
between the CON group and the AN, LA, MA, and
HA groups (Fig. S4A). OPLS-DA analysis indicated
that the CON group differed significantly from the
other four groups, and that the AN group showed
significant differences compared with the MA and
HA groups (Fig. S4B). Furthermore, compared with
the CON group, the rumen of the AN group fat-
tening sheep exhibited significantly increased
(P<0.05) levels of compounds such as eicosanoids
12-0xoETE C20H3003, pyridoxine disulfide, and
pyridoxine, while levels of compounds such as
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N-decanoyl-L-homoserine lactone and thiamine were
decreased (P<0.05, Fig. 9A). In the rumen of the LA
group fattening sheep, levels of indole-3-methyl ace-
tate, indole-3-propionic acid, pantethine, garcinoic
acid, and N-3-oxotetradec-7Z-enoyl-L-homoserine
lactone were significantly higher than in the CON
group (P<0.05, Fig. 9B). Compared with the CON
group, the MA group fattening sheep rumen showed
significantly elevated (P<0.05) levels of compounds
such as indole-3-methyl acetate and indole-3-propi-
onic acid, while levels of N-decanoyl-L-homoserine
lactone, N-tetradecanoyl-DL-homoserine lactone,
5-(2-methoxyethylamino)-3H-1,3,4-thiadiazole-
2-thione, tryptamine, and indole-3-carboxaldehyde
were reduced (P<0.05, Fig. 9C). The rumen of the
HA group fattening sheep had significantly lower
(P<0.05) levels of compounds such as N-decanoyl-
L-homoserine lactone, N-nonanoyl-L-homoserine

lactone, and tyramine compared with the CON group
(Fig. 9D).

Alteration of microbiota-metabolite networks

Compared with the CON group, the association net-
works between rumen microbiota and metabolites
exhibited distinct patterns in each treatment group
(Fig. 10). The network in the AN group (Fig. 10A)
consisted of 53 nodes and 173 edges, primarily fea-
turing close connections between microbiota such
as UBA2804 spp., Prevotella spp., and Selenomonas
A ruminantium and metabolites including 2’-deoxy-
cytidine 5-monophosphate (dCMP). The LA group
(Fig. 10B) displayed a more complex network with
86 nodes and 395 edges, in which Prevotella spp.,
JAFUXMO1 spp., and Selenomonas A ruminantium
were strongly associated with metabolites, such as
indole-3-propionic acid. In the MA group (Fig. 10C),
the network comprised 56 nodes and 194 edges,
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Fig. 10 The effects of dietary treatments on association networks between microbiota and metabolites in the rumen of fattening sheep. AThe
association network between the CON and AN groups. B The association network between the CON and LA groups. C The association network
between the CON and MA groups. D The association network between the CON and HA groups. CON=a control diet; AN=a control diet + 5,000
mg/kg chlortetracycline premix; LA=a control diet+ 250 mg/kg A. niger cultures; MA=a control diet + 500 mg/kg A. niger cultures; HA=a control

diet+ 1,000 mg/kg A. niger cultures

highlighting enhanced associations between microbiota
such as Globomyces pollinis-pini, Selenomonas A rumi-
nantium and metabolites including indole-3-propionic
acid and thymine. The HA group (Fig. 10D) exhibited
the most intricate network, with 71 nodes and 455
edges, where microbiota, associated with Quinella spp.
and Selenomonas spp., showed strong correlations with
metabolites such as tyramine and thymine.

Discussion

Effects of A. niger cultures on the growth performance

of fattening sheep

Since China prohibited antibiotic use in animal feed in
2020, researchers have sought safer and more efficient
alternatives to support animal health and optimize
production performance. As a functional fungus with
probiotic properties, A. niger metabolizes to produce
multifunctional enzymes and bioactive substances

that demonstrate significant regulatory effects on
animal health and growth performance [21]. Hence,
A. niger preparations or cultures have attracted much
attention from researchers in recent years. Our findings
suggest that, compared with the CON group, the AN
and HA groups significantly increased the ADG of
fattening sheep. Pittaluga and Pelling [22] found that
supplementing the basal diet of beef cattle with 0.02%
of a fungal feed additive rich in A. niger increased ADG
after a 122-day trial period, with a significant cubic
response. Similarly, Wang et al. [23]. demonstrated that
the compound probiotics with A. oryzae significantly
boosted ADG in Hu sheep. Overall, the above results
revealed that A. niger cultures had a certain promoting
effect on the growth performance of sheep and exhibited
promising potential as an antibiotic alternative in
ruminants.
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Effects of A. niger cultures on blood biochemical,
antioxidant, and immunological indices in fattening sheep
Subsequently, we systematically evaluated the effects
of A. niger cultures on the host metabolism of fattening
sheep by measuring blood biochemical, antioxidant,
and immunological indices. In the present study,
our results indicated that A. niger cultures increased
the concentrations of plasma TP and GLB in sheep
compared with the AN group. TP is a key biochemical
indicator for assessing the physiological status of the
animal body and disease diagnosis [24]. In addition,
GLB, an important component of TP, is mainly involved
in physiological processes, such as immune defense and
nutrient transport [25]. Similar to our results, one study
proved that dietary supplementation with A. oryzae
extract resulted in a significant increase in the plasma
TP level, along with an upward trend in the GLB level of
cows [26]. Furthermore, another study showed that after
intramuscular injection of oxytetracycline (a tetracycline
family, the same as chlortetracycline), the TP level in goat
serum was significantly reduced [27]. Thus, the above
results indicated that A. niger cultures may be more
beneficial for enhancing the immune system of fattening
sheep than antibiotic supplementation.

In addition, our results on antioxidant indices indicated
that the MA and HA groups had a significantly higher
plasma SOD level than the CON group. Among the
antioxidant enzyme systems, an increase in SOD activity
can effectively eliminate ROS from the animal, resulting
in an antioxidant effect [28]. Consistent with our result,
a previous study found that dietary supplementation
with A. niger and its compound preparations significantly
increased the SOD activity in bulls [29]. Thus, the above
results indicated that A. niger cultures possessed a certain
antioxidant capacity and had positive effects on sheep
health.

Effects of A. niger cultures on the composition and diversity
of rumen microbiota in fattening sheep

The rumen microbial community is primarily composed
of three major groups—bacteria, archaea, and
eukaryotes—which play critical roles in maintaining
rumen microecological stability and facilitating nutrient
metabolism [30]. The concentrate portion of ruminant
diets is predominantly starch based. Hespell et al. [31]
found Succinivibrio to be a key bacterial group involved
in starch degradation in the rumen, with acetate and
succinic acid being the principal fermentation end
products. Therefore, the enrichment of Succinivibrio
dextrinosolvens A and Succinivibrio sp900317105 in
the LA group suggested that A. niger could enhance the
starch-degrading function in the rumen. In addition,
Prevotella, widely present in the rumen, is another

important microbiota involved in starch degradation
and utilization [32]. Meanwhile, Prevotella harbors
highly active hemicellulose-degrading strains and plays
a significant role in hemicellulose degradation [33].
Moreover, previous studies reported that Prevotella
possessed a broad repertoire of genes coding for
enzymes/proteins responsible for the pretreatment of
cellulose, starch, and lignocellulose [34]. In the present
study, several Prevotella species (such as Prevotella
sp902799975, Prevotella sp002353485, and Prevotella
sp900320255) were significantly enriched in the rumen of
the AN, LA, and HA groups. These results indicated that
A. niger cultures may enhance the degradation capacity
of starch, hemicellulose, and cellulose by promoting
the colonization of these specific Prevotella spp. in
the rumen of sheep. Moreover, Quinella, a signature
hydrogenotrophic bacterium in the rumen, has been
reported to utilize sugars to produce propionate through
the fermentation pathway [35]. The studies confirmed
that Aspergillus spp. have been shown to promote
succinic acid production by boosting the degradation of
fiber and providing Quinella with metabolic substrates
(e.g., soluble sugars) [36, 37]. In a previous study,
Quinella was reported to be closely associated with low
methane production in sheep [37]. Hence, in the present
study, the significant enrichment of several Quinella
species (such as Quinella sp017515635 and Quinella
sp015206805) in the MA and HA groups suggested that
A. niger cultures may enhance rumen fiber degradation
capacity.

Regarding archaea, we found that Methanobrevibacter
sp024409165 and  Methanosphaera  sp017431845
were significantly enriched in the AN and LA groups,
respectively. Methane production is closely associated
with methanogenic archaea and the availability of
hydrogen [38]. As mentioned earlier, the hydrogen-
utilizing bacteria Quinella spp. were enriched in the MA
and HA groups, but we did not find any methanogens
enriched in these two groups. Therefore, we thought that
the effect of A. niger cultures on methane production
was uncertain and that its underlying mechanism
required further investigation. Within the rumen
eukaryotic community, a marked increase in the
protozoan population was indicated, particularly in
the relative abundance of phylum Ciliophora and its
several genera (such as Tetrahymena, Ichthyophthirius,
Stentor), following dietary supplementation with AN
or A. miger cultures. Previous studies have indicated
that fungal additives may serve as potent prebiotics to
stimulate rumen protozoal growth, likely due to the
bioactive compounds in fungal metabolites, including
soluble factors and cell membrane-associated mannan
and B-glucan [39, 40]. On the other hand, we thought
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that the higher pH in the AN and HA groups also
contributed to the proliferation of rumen protozoa. The
results of studies on high-concentrate diets suggested
that long-term low pH was probably more detrimental
to the survival of rumen protozoa populations than other
factors [41, 42]. Overall, in the present study, dietary
supplementation with A. niger cultures led to an increase
in the protozoa population in the rumen, either directly
or indirectly. Previous studies indicated that protozoa
reduced the degradation rate of starch by engulfing starch
granules, thereby increasing the amount of starch in the
small intestine and helping maintain ruminal ecological
balance in ruminants fed high-grain diets [43]. Hence,
an increase in the protozoal population observed in the
rumen of fattening sheep from the AN or A. niger culture
groups may regulate starch degradation and contribute
to rumen environmental stability under high-concentrate
diets in the present study.

Effects of A. niger cultures on changes in the characteristics
of CAZymes in fattening sheep

CAZymes represent the core enzyme systems utilized by
the rumen microbiota to degrade carbohydrates (such as
starch, cellulose and hemicellulose), primarily including
the following six categories: GHs, PLs, CEs, AAs, CBMs,
and GTs [44]. Among the GH family, GH10 maintains
stability across a wide pH range and activities toward
xylans and cellulosic substrates [45]. GH148 is categorized
as an endoglucanase family and is closely associated with
fiber degradation [46]. Interestingly, the primary function
of GH74 is to degrade xyloglucan, a major component of
hemicellulose. By cleaving the linkages within xyloglucan,
GH74 disrupts the connections between xyloglucan and
hemicellulose, thereby loosening the rigid structure of
the plant cell wall and releasing oligosaccharides and
monosaccharides [47, 48]. In the present study, GH10
and GH148 in the LA group, as well as GH74 in the
HA group, were significantly enriched in the rumen of
fattening sheep. Therefore, we considered that A. niger
could promote the digestion of plant fibers in ruminants
and provide sufficient energy and carbon sources for
rumen microbiota. Within the CBM family, CBM20 is
uniquely associated with GH13 a-amylases and GH15
glucoamylases as a starch-binding module, while CBM41
contains multiple repeated amylase domains similar
to those in CBM20 [46]. In addition, GH119 has been
confirmed to possess abundant a-amylase activity and
to participate in the starch saccharification process [46].
In the present study, CBM20 in the CON group, CBM41
in the MA group, and GH119 in the AN group were all
significantly enriched in the rumen of the fattening sheep.
In the present study, all experimental diets consisted
of high-concentrate rations; it was plausible that the

differential dietary treatments resulted in the expression
of distinct enzymatic profiles responsible for starch
degradation. Overall, the above results demonstrated that
A. niger cultures may promote the degradation of dietary
fiber and starch in sheep rumen by modulating enzyme
composition.

Effects of A. niger cultures on the KEGG functions of rumen
microbiota in fattening sheep

Next, to further understand the changes in rumen
microbiota, we analyzed the KEGG functions of rumen
microbiota. Our results showed that pathways including
autophagy—other, autophagy—yeast, phosphatidylinositol
signaling system, quorum sensing, and cell cycle were
significantly enriched in groups supplemented with
different doses of A. miger cultures. The autophagy
pathway serves as a key mechanism for cellular
homeostasis, degrading damaged organelles or misfolded
proteins to recycle nutrients and sustain cell survival
[49]. The phosphatidylinositol signaling system and
apelin signaling pathway are critical signal transduction
systems involved in regulating cell proliferation and
differentiation, modulating energy metabolism, and
apoptosis inhibition [50, 51]. Moreover, QS regulates
microbial group behaviors through the secretion
and perception of signaling molecules, reflecting the
metabolic status and interactions of rumen microbiota
[52]. Notably, microbiota possess the ability to adapt to
nutrient availability by regulating cell cycle parameters,
and this capability is closely linked to their survival
and proliferation [53]. Therefore, the enrichment of the
aforementioned KEGG pathways in the LA, MA, and
HA groups indicated that A. niger cultures may enhance
the adaptive and regulatory capabilities of sheep rumen
microbiota. This adaptation may promote more efficient
nutrient degradation and absorption while contributing
to a balanced rumen environment.

Effects of A. niger cultures on the ARGs of rumen
microbiota in fattening sheep

ARGs are genetic segments present in bacterial genomes
that confer the ability to resist antibiotic killing or
inhibition, and these genes can be transmitted and infect
humans. Within animal hosts (e.g., the intestines), the
horizontal transfer of ARGs among diverse bacterial
species is primarily mediated by mobile genetic elements,
including plasmids, transposons and integrons [54, 55].
In the field of animal husbandry, decreasing AMR and
eliminating antimicrobial residues throughout the food
production chain constitute fundamental safeguards for
ensuring food safety and human public health [56]. Our
data on ARGs demonstrated a significant decrease in the
abundance of both tetracycline and B-lactam resistance
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genes in the rumen microbiota of the A. nmiger culture
groups at the type level. Simultaneously, tet(Q) and
tet(W) were reduced in the rumen microbiota of the A.
niger culture groups at the subtype level, while those of
tet(O), tet(40), and mel were markedly elevated in the
AN compared with other groups. Our results confirmed
that the use of AN significantly increased the abundance
of ARGs, while dietary supplementation with A. miger
cultures markedly decreased the abundance of ARGs in
the rumen microbiota of sheep.

Actually, only a small subset of ARGs are capable of
transferring to other bacteria, especially human patho-
gens, and subsequently pose a threat to humans [57].
Rank I ARGs pose the greatest threat to human health.
For this purpose, Zhang et al. [58] established a haz-
ard ranking system, categorizing ARGs into three ranks
based on their enrichment in human-related environ-
ments, mobility potential, and pathogenicity. Our results
showed that the AN group consistently demonstrated
higher abundances of both Rank I and Rank II ARGs
compared to the other groups, and the abundances of
Rank I and Rank IV ARGs in the A. niger culture groups
were lower than in the CON and AN groups. Hence,
our results revealed that the use of antibiotics indeed
increased the risk of spreading ARGs and even jeopard-
ized human health, while dietary supplementation with
A. niger reduced this risk.

Effects of A. niger cultures on rumen metabolomics

in fattening sheep

QS has been reported to be a mode of communication
between bacteria, mainly through the secretion and
detection of signaling molecules between bacterial
populations, and the coordinated behavior that results
from the establishment of population size [59]. A. niger
metabolizes to produce [B-glucan which is degraded to
glucose, indirectly providing a carbon source for the
bacteria and activating LuxI-type synthase, which may
promote the synthesis of long-chain AHLs [e.g., N-3-
oxotetradec-7Z-enoyl-L-homoserine lactone (3-oxo-
C14:1-HSL)] [60, 61]. The level of 3-oxo-C14:1-HSL in
the LA group was significantly higher. In the non-rumen
environment, 3-oxo-C14:1-HSL was reported to inhibit
bacterial biofilm formation, so we considered that a
similar response may be present in the rumen, which
would reduce the colonization ability of pathogenic
bacteria (e.g., E. coli, Salmonella) and optimize the
homeostasis of the rumen environment. Moreover,
a prior study suggested that antibiotics may hinder
the synthesis of AHLs by inhibiting the secretion of
precursors (e.g., starch-degrading bacteria, proteolytic
bacteria) and decreasing the fermentation products
(e.g., fatty acids, S-adenosylmethanethionine) [62].

Simultaneously, A. niger is clearly identified as a known
AHL-degrading fungus, mentioning that they may utilize
enzymes such as lactonase and acyltransferase to cleave
key chemical bonds (lactone ring or amide bond) of the
AHL molecule [63]. In the present study, N-decanoyl-
L-homoserine lactone (C10-HSL) was significantly
reduced in the rumen of fattening sheep in the MA,
HA, and AN groups. Another study found that reducing
medium-chain AHLs (e.g., C10-HSL) could inhibit the
QS signaling of pathogenic bacteria through quorum
quenching, thereby significantly inhibiting the expression
of a-toxin genes and biofilm formation in Clostridium
perfringens, which ultimately stabilized the rumen
microecology [64]. Hence, the reduced C10-HSL level
in the rumen of the MA, HA, and AN groups indicated
that antibiotics and A. niger may inhibit pathogen
proliferation to some extent through the QS mechanism.
In summary, our results showed that A. niger could help
maintain rumen microbiota homeostasis, although the
specific mechanisms have not yet been fully clarified.
Moreover, the alterations in thiamine and biogenic
amines after A. niger cultures and antibiotics attracted
our attention in the present study. Thiamine, a water-
soluble micronutrient, is essential for a diverse range
of physiological processes, including cell growth and
development, rumen bacterial growth, rumen functions,
cellular immunity, and inflammation [65]. However,
Schwab et al. [66] found that feeding high-concentrate
diets could reduce thiamine concentrations in the
rumen of cows; insufficient levels may cause thiamine
deficiency. Previous studies confirmed that thiamine
could alleviate or mitigate high-concentrate feeding-
induced rumen epithelial inflammation or damage
by inhibiting the expression of TLR-NF-«kB pathway-
related genes or proteins [67]. In the present study, the
thiamine concentration in the AN group was markedly
reduced, but this reduction did not occur after A. niger
culture supplementation. The above results showed that
antibiotic supplementation did not alleviate the reduction
of thiamine content caused by high-concentrate
diets, whereas A. miger cultures supplementation did.
Biogenic amines are mainly produced through the
decarboxylation of amino acids by rumen microbiota,
including tryptamine, tyramine, and histamine [68].
Biogenic amines are considered significant contributors
to the epithelial damage and inflammatory responses
induced by high-concentrate diets in the rumen, and
the absorption of biogenic amines further triggers a
series of systemic inflammatory reactions [69]. Hence,
in this study, we found that tryptamine and tyramine
concentrations were significantly decreased in the rumen
of the MA and HA groups, suggesting that A. niger
cultures may reduce damage to the rumen epithelium
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caused by high-concentrate diets by decreasing the
biogenic amine content. Taken together, our findings
indicate that A. niger cultures are beneficial for
maintaining a healthy rumen environment under high-
concentrate feeding conditions.

Interestingly, we observed that A. niger cultures had a
certain impact on tryptophan metabolism, specifically
manifested as an increase in indole-3-propionic acid
and indole-3-methyl acetate contents in the LA and MA
groups, and a decrease in 5-hydroxyindoleacetaldehyde
content in the MA group. Indole-3-propionic acid (IPA),
an indole derivative metabolized by gut microbiota
from tryptophan, acts as an aryl hydrocarbon receptor
(AhR) ligand, mediating regulatory T-cell differentiation
and suppressing inflammatory responses [70]. In
addition, a study on in vitro cell culture showed that IPA
could regulate human intestinal barrier function and
inflammation through the xenobiotic sensor pregnane
X receptor [71]. Indole-3-acetic acid (3-IAA) has been
reported to modulate immune homeostasis and reduce
oxidative stress in the gut [72], and methyl indole-3-
acetate is a methylated ester derivative formed from
3-IAA. Although there are limited studies on methyl
indole-3-acetate at present, existing studies indicate that
methyl indole-3-acetate has a protective effect against
ulcerative colitis [73]. Hence, elevated ruminal IPA and
methyl indole-3-acetate concentrations in the LA and
MA groups of fattening sheep indicated that A. niger
cultures may confer immunomodulatory effects and
generate positive effects on rumen health. Moreover,
5-hydroxytryptamine, an important intermediate in
tryptophan metabolism, is essential for maintaining
normal intestinal function and suppressing inflammatory
development [74]. The role of 5-hydroxytryptamine
is terminated by catalytic metabolism into
5-hydroxyindoleacetaldehyde by the enzyme kynurenine
3-monooxygenase [75]. Hence, the decreased content of
5-hydroxyindoleacetaldehyde in the rumen of the MA
group suggests that A. miger cultures may enhance the
effects of 5-hydroxytryptamine, which is beneficial for
rumen immunity and health.

In addition, we conducted microbiota—metabolite
networks in each dietary treatment group. Our results
demonstrated that, compared with the AN group,
the association networks between rumen microbiota
and metabolites exhibited distinct patterns in the
A. niger culture groups. These results indicated that
supplementation with A. niger cultures significantly
enhanced the connectivity and interactions between
rumen microbiota and metabolites, demonstrating the
potential of A. niger cultures to modulate functional
interactions within the rumen microecosystem.

Study limitations

Although our study preliminarily and systematically
investigated the effects of A. miger cultures on growth
performance, rumen microbial composition, ARGs,
and metabolic profiles in fattening sheep, the study
still had the following limitations. First of all, we found
a small number of plant- and insect-associated taxa
in the metagenomic data, which may be related to the
dietary characteristics of fattening sheep. This may be
an inherent limitation of metagenomics, suggesting
that we should integrate other methods such as
microbial culturomics in the future to jointly verify
microbiome results, and avoid bias in microbiological
results caused by a single method. Second, as this was a
preliminary study, the relatively small sample size may
have introduced statistical bias and limited the ability to
detect subtle but biologically significant changes in the
microbial communities and ARG profiles. Additionally,
as this investigation was conducted using a single breed
of fattening sheep raised under specific management
conditions, the generalizability of our findings to other
breeds or production systems remains uncertain. Future
large-sample studies involving other ruminant breeds
and farms are necessary to validate and expand upon
these preliminary findings.

Conclusion

This study revealed that A. niger cultures effectively
enhanced the growth performance and antioxidant
capacity of fattening sheep, modulated the ruminal
microbial community structure, markedly decreased the
abundance of ARGs, and promoted the accumulation
of beneficial metabolites in the rumen. Specifically,
the A. miger cultures promoted the proliferation of key
microbiota involved in starch and fiber degradation and
enhanced the production of metabolites associated with
immune regulation. Furthermore, the A. niger cultures
significantly reduced the abundance of high-risk ARGs
associated with tetracycline and B-lactam antibiotics, and
the microbial consortia responsible for this reduction in
ARGs were further identified. As a potential antibiotic
alternative, A. niger cultures hold significant application
value, offering the dual benefit of mitigating antibiotic
resistance and helping maintain the stability of the
ovine ruminal microbiota, thereby ultimately improving
the overall production performance of fattening sheep.
However, due to the limited sample size and single-breed
design, these findings should be considered exploratory.
Further research with larger sample sizes and involving
different ruminant breeds is necessary to confirm the
reproducibility and generalizability of the observed
effects.
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