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Non-targeted metabolomics
analysis of fermented traditional
Chinese medicine and its impact
on growth performance, serum
biochemistry, and intestinal
microbiome of weaned lambs

Junyang Fan¥*5, Hongyan Cui%?, Zhiying Mu?, Chunxiao Yao?, Mingfan Yang?3, Yue Jin?,
Changshen Ning* & Hongying Zhang%34*

Fermented traditional Chinese medicines (TCMs) have been identified as a low-cost and promising
feed additive to to alleviate weaning stress in young livestock and poultry effectively. This study
investigated the impact of probiotic fermentation on the metabolite content of BanQi (Radix Isatidis
and Astragalus membranaceus) extract while also examined the effects of both fermented-BanQi
(FBQ) and unfermented-BanQi (UBQ) on growth performance, serum biochemistry, intestinal villi, and
gut microbiota in weaned lambs. This study demonstrated that compared with UBQ, FBQ contained
significantly higher levels of free amino acids (e.g., phenylalanine and isoleucine), short peptides (e.qg.,
Val-Leu-Pro-Val-Pro-GIn and Gly-Leu), and the active ingredients (e.g., vindesine and reserpine)
(P<0.05). The addition of FBQ to the diet significantly increased the final body weight and average
daily gain of weaned lambs (P <0.05). In addition, FBQ significantly increased the total protein level

in the serum and the villus length of the jejunum and ileum in lambs, while significantly reduced the
levels of aspartate aminotransferase (AST) and urea (P <0.05). Sequencing of the intestinal flora
showed that FBQ improved the diversity of intestinal flora and promoted the enrichment of beneficial
bacteria in the lamb intestine, such as Mogibacterium and Butyrivibrio, compared to NC or UBQ groups
(P <0.05). Fermentation with Bacillus subtilis can enhance the content of free amino acids, peptides,
and active ingredients in BanQi extract, making it an effective method to improve the efficacy of
traditional Chinese medicine. Adding FBQ to the diet can improve the growth performance of weaned
lambs, and its mechanism may be related to increasing the height of intestinal villi and increasing the
diversity of intestinal flora.

Keywords BanQi extract, Differential metabolites, Weaned lamb, Growth performance, Serum biochemistry,
Intestinal flora

In intensive livestock production, early weaning (8-week-old) is commonly used to shorten the reproductive
cycle of ewes and improve productivity and profitability'. However, early weaning can impose stress on lambs,
leading to a slowdown in growth performance and a decline in overall health status, ultimately resulting in
feed wastage. The causes of weaning stress are multifaceted, with the primary factors being the alterations in
the feeding environment and diet, as well as the decrease in maternal antibody levels, which collectively lead to
significant changes in the gut microbiome of young ruminants, affecting the colonization of beneficial bacteria®.
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Research indicates that the gut microbiota of young ruminants is highly susceptible to external environmental
influences, and weaning stress significantly impacts the diversity of the gut microbiome, triggering inflamma-
tory responses and disrupting gut homeostasis®. Consequently, the incorporation of exogenous feed additives
to modulate the gut microbiome has emerged as an effective strategy to alleviate weaning stress and enhance
lamb growth performance.

Traditional Chinese medicine (TCM), as feed additives, can improve the growth performance and immunity
of weaned livestock, alleviating the stress of weaning®. Sun et al’. found that the supplementation of Traditional
Chinese Medicine residue contains can improve the growth performance of weaned piglets and reduce the rela-
tive abundance of Escherichia coli and Treponema hyodysenteriae in the intestine. Additionally, the addition of
polysaccharides from traditional Chinese medicine to the diet can increase the average daily gain (ADG) and the
levels of IgA, IgG, and IgM in the serum of lambs, while enhancing the relative abundance of Fibrobacteria in the
intestine®. Radix Isatidis, called “Banlangen” has been traditionally used to treat influenza, epidemic hepatitis, and
epidemic encephalitis’. Astragalus membranaceus, also known as Huangqi, contains astragalus polysaccharides,
saponins, flavonoids, and other active components, Astragalus membranaceus root powder is used as a natural
feed additive in lamb diets to improve average daily weight gain, antioxidant status, and immune function with
an optimal level of 10 g/kg of diet*®. Our previous studies have found that BanQi (Radix Isatidis and Astra-
galus membranaceus) polysaccharides can enhance animal immune function and have antiviral effects (Patent
certificate: ZL 200,610,160,048.4). However, the high feeding cost of traditional Chinese medicines and their
polysaccharides has severely limited their long-term large-scale application in livestock and poultry production.

In the processing of traditional Chinese medicine, fermentation is a commonly used processing technol-
ogy. Through the action of microorganisms, medicinal materials are fermented under appropriate temperature,
humidity, and moisture conditions to enhance their original characteristics and produce new efficacies’. Pro-
biotics can produce a variety of digestive enzymes such as proteases, amylases, and cellulases, which facilitate
the breakdown of large molecular nutrients in traditional Chinese medicine (TCM) into smaller components
like peptides, amino acids, and monosaccharides!®!!. In livestock production, fermentation can enhance the
effectiveness of traditional Chinese medicine in improving the growth performance and immune function of
livestock and poultry, while also reducing the application costs'>"’. Feeding fermented TCM to weaned livestock
has been shown to increase intestinal villus length, improve intestinal flora compositions, and strengthen the
intestinal barrier, thereby improving growth'*!>,

Currently, many studies are leveraging fermented traditional Chinese medicine (TCM) to improve ani-
mal production performance or enhance disease resistance'>'°. Nevertheless, research on the overall metabolic
changes before and after the fermentation of TCM remains scarce. Even the existing studies on metabolites tend
to focus on a specific category or a few select substances, significantly hindering the large-scale application of
fermented TCM!”'8. For the above reasons, we made a non-targeted metabonomics analysis of Ban Qi extract
and FBQ to explore the influence of probiotic fermentation on metabolites of traditional Chinese medicine, and
fed them to weaned lambs to explore the influence of fermented-TCM on growth performance, intestinal villi
morphology and intestinal flora of lambs, to provide theoretical support for the application of fermented-TCM
in lamb feeding.

Materials and methods

Herbal extraction and fermentation strains

Radix Isatidis and Astragalus membranaceus were obtained from the Yi Guo Ren Pharmacy in Zhengzhou City,
Henan Province, China. A total of 100 g of Radix Isatidis slices and 200 g of Astragalus membranaceus slices are
accurately weighed and then soaked in 3000 ml of water, which is then brought to a boil and allowed to simmer
for 120 min. The medicinal extract was concentrated to 300 ml, which is the unfermented Bangqi extract (UBQ).
The strain of Bacillus subtilis used for fermentation was isolated and preserved in our laboratory (CGMCC No.
24193; deposited at the China General Microbiological Culture Collection Center). To initiate fermentation,
the strain was cultured in Lysogeny Broth (LB) medium at 37 °C for 24 h and then adjusted to a concentration
of 3x10° CFU/mL.

Optimization of fermentation conditions

To maximize the number of Viable B. subtilis in the fermented extract, we conducted an orthogonal experiment to
explore the effects of different ratios of LB medium to extract (75:25, 50:50, 25:75, and 0:100), fermentation time
(28, 32, 36, 40, and 48 h), fermentation temperature (30, 33, 35, 37, and 40 °C), and inoculum size of B. subtilis
(3%, 5%, 7%, and 10%). The results showed that the maximum number of Viable B. subtilis was achieved when
the ratio of LB medium to extract was 75:25, fermentation time was 36 h, fermentation temperature was 35 °C,
and inoculum size was 5%, with a count of 1.21 x 10! CFU/mL (Supplementary data 1). This is the fermented
BanQi extract (FBQ).

Extraction of metabolites from UBQ or FBQ and non-targeted metabolomics analysis

An appropriate amount of FBQ or UBQ was added into pre-cooled methanol: acetonitrile: water (2:2:1) solu-
tion and mixed well, sonicated at 4 °C for 30 min, allowed to stand at — 20 °C for 10 min, and centrifuged at
14,000xg for 20 min. The resulting supernatant was dried under a vacuum. The samples were separated using
an Agilent 1290 Infinity LC C-18 ultra-performance liquid chromatography (UPLC) column. The temperature
of the column was 40 °C, the flow rate was 0.4 mL/min, and the injection volume was 2 pL. The mobile phase
A was water, 25 mM ammonium acetate, and 0.5% formic acid, whereas mobile phase B was methanol. During
the operation, the samples were placed in four autosamplers and the quality control (QC) samples were lined
up separately. Each sample was subjected to electrospray ionization tests in the positive and negative ion modes;
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the UPLC chromatograms were analyzed using a TOF 6600 triple mass spectrometer (AB SCIEX, USA). The
acquisition time was 0.2 s/segment for TOF-MS scans and 0.05 s/segment for product ion scans. Secondary mass
spectrometry results were derived from the correlation data. In the high-sensitivity mode, the collision energy
was 30 eV and the cluster voltage was 60 V (positive and negative ion modes). The correlation data collection
parameters were set to measure approximately 10 candidate ions per cycle, excluding 4 Da isotope.

Animal diets and experimental design

Eighteen weaned Hu sheep (50 days old, 15.79 +0.79 kg) were randomly divided into three groups, with six sheep
in each group. The NC group was fed a basal diet without any additives. The design of the basal diet referred to the
NY/T 816-2004 Standard of Meat Sheep Feeding, and its ingredients and nutritional levels are shown in Table 1.
Meanwhile, the UBQ and FBQ groups were supplemented with 6 ml/lamb/day of UBQ or FBQ, respectively, in
addition to the basal diet.

Each lamb was housed individually in cages (1.5 m x 1.2 m) and had ad libitum access to feed and water.
During the 28-day experimental period, the ambient temperature was maintained at (25+2)°C with a relative
humidity of (50+5)%. All experimental procedures involving sheep adhered to the rules and regulations out-
lined in the Regulations on the Administration of Laboratory Animal Protection for Experimental Use (2013)
and received approval from the Institutional Animal Care and Use Committee (IACUC) of Henan Agricultural
University in Henan, China (Approval No.: 11-0085). Furthermore, all experiments were conducted in accord-
ance with the ARRIVE guidelines.

Growth performance analysis

At the start of the experiment (Day 1) and at the end of the experiment (Day 28), record the body weights of the
sheep before morning feeding. Calculate the Average Daily Feed Intake (ADFI) and Average Daily Gain (ADG),
then divide ADFI by ADG to calculate the Feed-to-weight ratio.

Serum biochemical parameters analysis

On the 14th and 28th days of the experiment, blood samples were collected from all lambs before feeding using
disposable blood collection tubes. The serum was then separated and stored at — 20 °C. An automated biochemi-
cal analyzer (chemray 800, China) was used to measure the levels of total protein (TP), total cholesterol (TC),
urea, glucose (GLU), aspartate aminotransferase (AST), and alanine aminotransferase (ALT) in the serum.

Hematoxylin and eosin staining analysis

At the end of the experiment, three lambs were randomly selected from each treatment group and euthanized
by intravenous injection of 90 mg/kg pentobarbital sodium. Approximately 3 cm of tissue samples from the
duodenum, jejunum, and ileum were collected and fixed in 2.5% glutaraldehyde-polyoxymethylene. The intes-
tinal tissues were dehydrated in a series of ethanol solutions with increasing concentrations (70%, 80%, 95%,
100%), cleaned with xylene, and embedded in liquid paraffin. The paraffin blocks were then sectioned into

Ingredients Content%
Corn 20.40
Wheat bran 3.56
Soybean meal 12.80
Corn silage 10.00
Peanut straw 50.00
NaCl 0.28
NaHCO, 0.64
CaCO;, 0.24
CaHPO, 0.08
Premix® 2.00

Total 100.00
Nutritional level® | -

ME 10.14 (MJ/kg)
CP 14.09%
EE 5.06%
NDF 50.30%
ADF 22.24%
Ca 1.09%

TP 0.43%

Table 1. Composition and nutrient levels of basal diets (dry matter basis). *The premix provided the following
per kilogram of the diet: Cu 16.0 mg, Fe 35.0 mg, Mn 30.0 mg, Zn 80.0 mg, I 0.5 mg, Se 0.10 mg, Co 0.03 mg,
VA 14,400 IU, VD 4400 IU,VE 30 mg. >The metabolic energy was calculated and the rest was measured.
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5 um slices and placed on glass slides. These sections were stained with hematoxylin and eosin for histological
examination. The slices were observed and captured using an optical microscope (Olympus BXS5, Tokyo, Japan)
and measurements of villus height, villus width, and crypt depth were performed using ImageJ (NIH, Bethesda,
Maryland, USA).

Gut flora composition analysis

The contents of the duodenum, jejunum, and ileum of the slaughtered lambs were collected and immediately
stored at — 80 °C until analysis of the flora composition using Illumina high-throughput sequencing technol-
ogy. The total DNA of microbial communities was extracted from the samples using the OMEGA Soil DNA Kit
(M5635-02) (Omega Bio-Tek, Norcross, GA, USA) as per the manufacturer’s instructions. The quality of the DNA
extraction was evaluated by performing 1% agarose gel electrophoresis and UV spectrophotometry. The V3-V4
region of the bacterial 16S rRNA gene was amplified by PCR using the forward primer 338F (5'-ACTCCTACG
GGAGGCAGCA-3') and the reverse primer 806R (5'-GGACTACHVGGGTWTCTAAT-3'). The PCR products
were recovered by 2% agarose gel electrophoresis and libraries were constructed using the NEXTflexTM Rapid
DNA-Seq Kit according to the manufacturer’s instructions. Sequencing was performed on the MiSeq PE300
platform (Illumina, San Diego, CA, USA). The raw sequencing data were quality controlled using Fastp (ver-
sion 0.20.0), and assembled using FLASH (version 1.2.7)'*?°. The sequences were clustered using the UPARSE
software (version 7.1) with a similarity threshold of 97% and chimeras were removed. The species classification
annotation of each sequence was performed using the RDP classifier software (version 2.2) and the Silva 16S
rRNA database (version 138) as a reference, with a comparison threshold of 70%.

Data processing and analysis

In non-targeted metabolomics research, the raw mass spectrometry data is converted to mzXML format and
processed using MSDAIL software for peak alignment, retention time correction, and peak area extraction. The
extracted data from MSDAIL is then used for metabolite identification, data preprocessing, experimental data
quality assessment, and correlation analysis. The experimental data of the lambs was initially processed using
SPSS 22.0 (SPSS Inc., Chicago, Illinois, USA) and Excel 2016. Differences between treatments were examined
using Tukey’s test, with P<0.05 considered significant. The results are presented as mean values with standard
error of the mean (SEM).

Results

Quality assessment of non-targeted metabolomics data

The total ion chromatograms (TIC) of the samples are shown in Fig. 1, with overlapping TIC for each treatment,
indicating the experiment’s reproducibility. The peak response intensity of FBQ substance is usually higher than
that of UBQ.

Non-target metabolomic analysis of UBQ and FBQ

The metabolites of the samples were structurally identified by comparing their molecular weights, secondary
fragmentation spectra, and retention times in the plant metabolome database, and the identification results were
verified. The overall metabolite profile of the BanQi extracts is depicted in Fig. 2A, where the five samples from
each treatment group are clustered together, indicating that fermentation altered the composition of metabolites
present in the BanQi extracts. In total, 998 metabolites were identified; the proportion of each type of metabolite
is shown in Fig. 2B. Among them, lipids and lipid-like molecules (20.641%), phenylpropanoids and polyketides
(17.936%), benzenoids (11.323%), organic acids and derivatives (11.122%), and organic oxygen compounds
(10.922%) were the main metabolites. Based on P<0.05 and |log2FC|>1152 and 222 metabolites were signifi-
cantly increased and decreased in FBQ, respectively, compared to UBQ (Fig. 2C).

Multivariate statistical analysis of identified metabolites in UBQ and FBQ

Principal component analysis (PCA) was performed on 13 BanQi extracts (five UBQ, five FBQ, and three QC
samples) using an unsupervised model to assess the overall differences between samples. The QC sample data-
set was highly concentrated, indicating good stability of the testing method. Furthermore, PCA showed a high
degree of aggregation within the sample treatment, and a clear separation was observed between FBQ and UBQ
samples, indicating that fermentation can result in stable alterations of metabolites in BanQi extracts (Fig. 3A-B).
After sevenfold cross-validation, an OPLS-DA model was established to compare the fermentation properties
of the BanQi extracts. The closer the prediction parameters R2X, R2Y, and Q2 of the model are to 1, the more
stable and reliable the model. The parameters of the OPLS-DA model used in this study are presented in Sup-
plementary Table S1. The R2Y and Q2 scores of the positive ion model were both higher than 0.9, and the R2Y
and Q2 scores of the negative ion model were both higher than 0.85, indicating the feasibility of the model, the
stability of the positive ion model is superior to that of the negative ion model. Differential metabolites were
screened using OPLS-DA VIP > 1, P<0.05, and |log2FC|> 1, and 67 differentially expressed metabolites were
identified. To further investigate the changes in these metabolites within the BanQi extracts, we categorized
them into 42 up-regulated and 25 down-regulated metabolites and visualized them using a heatmap (Fig. 3C-D;
Supplementary Tables S2-3).

Effect of fermentation on the metabolite content of BanQi extract
In this study, FBQ had significantly increased phenylalanine (tenfold change; NEG_760), leucine (sevenfold
change; NEG_330), and isoleucine (sixfold change; NEG_329) levels compared to UBQ (P <0.05) . In addition,
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Fig. 1. The total ion chromatogram of UBQ and FBQ samples, A1-A5 are samples of the FBQ treatment, and
B1-B5 are samples of the UBQ treatment. (A) Positive ion mode; (B) negative ion mode. UBQ (Unfermented

BanQi extract), FBQ (Fermented Bangi extract).

FBQ contained significantly increased small peptides such as Val-Leu-Pro-Val-Pro-Gln (57-fold change;
POS_15211), Gly-Leu (32-fold change; NEG_1150), isoleucyl-isoleucine (30-fold change; NEG_2521), cyclo
(Pro-Leu) (12-fold change; POS_2340), and leucyl-leucine (11-fold change; POS_3382) compared to UBQ
(P<0.05) (Fig. 3C; Supplementary Table S3). These results suggest that fermentation of the BanQi extract decom-
posed macromolecular proteins into small-molecule polypeptides and free amino acids. Besides, Compared
with UBQ, FBQ had significantly increased vindesine (107-fold change; NEG_15093), echujin (52-fold change;
POS_18158), reserpine (50-fold change; POS_14370), yunaconitine (44-fold change; POS_15359), and pred-
nisone (36-fold change; POS_7962) (P<0.05) (Fig. 3C; Table S3).

Growth performance

All lambs performed well and remained healthy during the experiment without any disease occurrence. The
initial average body weights of the NC, UBQ, and FBQ groups were approximately 15.78, 15.82, and 15.77 kg,
respectively, with no significant difference. After 28 days of feeding, the final body weight of lambs in the FBQ
group (21.75 kg) was significantly higher than that in the NC group (P<0.05). Furthermore, compared with
the NC group, the average daily gain of lambs in the FBQ group increased significantly, and the feed-to-weight
ratio decreased significantly (P <0.05). The final body weight of lambs in the UBQ group increased slightly, but

Scientific Reports|  (2024) 14:20385 | https://doi.org/10.1038/s41598-024-71516-x nature portfolio



www.nature.com/scientificreports/

 W— 5 . reQ ® Down regulated(222) Not changed ® Up regulated(152)
5 UBQ
— — 1 T
— i
— — 0 !
— — ) 121 .
— . .
= I-2 o
- [—] . e i .
— |
— 2 | .
—_—— 1 — - !
— e = = 10 » i ..
= — ! . .
| —— ‘ ) P
— — — | % ® .
e E— ——l o i .t |a®
- t: - o N e
81 DD . e T o
pd 3
co N e v e
DI e 21 2
. |7 % b e b 1
. ~ . e® |& e
. .
6 . ' .’.“‘ e . = . ]
. ..3 b * S eee .
* o # . o
PO % K o . T
L4 .
.:'? . 1= i o
: 1 A
L =
4 =2 4 r 3
B . :
Lo ]
- N .
e I
DK . .
N ’ “« &9
21 o3 . .
] B . .
____________________________________ X% i -0 >0 (NGNS NNV WSO NS——
cccccaomonamnm 0 |
T o ® ® @ T
O D DD OO DH OO DO T T T T T T T
Y Y Y Y 7 Y Y TR -10.0 =75 -5.0 -2.5 0.0 25 5.0 75 10.0
W =2 A N OVE N WO =
Superclass
B Lipids and lipid-like molecules 20.641%
- ylprop and 17.936%
@ Undefined 11.824%
O Benzenoids 11.323%
@ Organic acids and derivatives 11.122%
B Organoheterocyclic compounds 10.922%
@ Organic oxygen compounds 7.615%
B Alkaloids and derivatives 2.806%
B Nucleosides, nucleotides, and analogues 2.405%
@ Organic nitrogen compounds 1.904%
@ Lignans, and related ¢ 1.403%
@ Hydrocarbon derivatives 0.1%

Fig. 2. Heat map visualization of metabolites identified by UBQ and FBQ, metabolite ratio map, and volcano
map. (A) Heat map visualization. Metabolite levels in each sample are normalized, with red representing
metabolites of higher relative abundance and blue representing metabolites of lower mass. (B) Types and
proportions of metabolites identified from UBQ and FBQ. (C) Metabolite volcano map. UBQ (Unfermented
BanQi extract), FBQ (Fermented Bangi extract).

the difference was not significant. These results indicate that FBQ enhanced the growth performance of weaned
lambs fed with Banqi extract (Table 2).

Serum biochemical parameters
As shown in Table 3, at 14d of the experiment, compared to the NC, the FBQ group exhibited significantly
reduced in serum total protein (TP), urea levels, and aspartate aminotransferase (AST) (P<0.05). The FBQ
treatment group also showed lower levels of total cholesterol (TC), glucose (GLU), and alanine aminotransferase
(ALT), but the differences were not statistically significant. Similarly, the UBQ treatment group displayed slight
decreases in TP, TC, UREA, AST, and ALT levels, yet these differences were also not significant. On the 28th
day of the experiment, no significant differences were observed in serum biochemical parameters among the
treatment groups.
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Fig. 3. Multivariate statistical analysis of identified metabolites. (A) PCA analysis of metabolite in positive

ion mode. (B) PCA analysis of metabolite in negative ion mode. (C) Visualization of up-regulated differential

metabolite heat map. (D) Visualization of down-regulated differential metabolite heat map. UBQ (Unfermented
BanQi extract), FBQ (Fermented Bangqi extract).

Morphology of small intestine
The morphology of the villus in duodenum, jejunum, and ileum is shown in Fig S1. Compared to the NC group,
the villus in the duodenum, jejunum, and ileum of weaned lambs fed UBQ or FBQ appeared more orderly and
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Treatment
Item NC UBQ FBQ SEM P-value
Initial body weight (kg) 15.78 15.82 15.77 0.19 0.994
Final body weight (kg) 19.08° 19.98% 21.75¢ 0.44 0.028
ADFI (g/d) 850.95 753.19 894.93 40.98 0.069
ADG (g/d) 117.86* 148.81* 213.69° 13.07 0.002
Feed-to-weight ratio 7.22% 5.06* 4.19° 0.45 0.007

Table 2. Effects of BanQi extract on growth performance of weaned lamb. *“Means, in a row, with different
superscripts denote statistical differences (P <0.05). Dietary treatments: NC (Basic Diet), UBQ (Basic
Diet + 6 ml/lamb/day Unfermented BanQi extract), FBQ (Basic Diet + 6 ml/lamb/day Fermented BanQi

extract).
Treatment
Item Time period | NC UBQ FBQ SEM | P-value
14d 47.87* | 4572* |35.01° | 228 |0.035
TP (g/L)
28d 43.75 5620 | 44.33 2.49 |0.059
14d 1.09 0.96 0.83 0.05 | 0.136
TC (mmol/L)
28d 0.89 1.14 1.00 0.07 |0.354
14d 6.57* 5.84 | 4.40° 0.37 |0.038
UREA (mmol/L)
28d 7.18 6.68 6.30 0.25 | 0.370
14d 445 5.31 3.64 0.31 | 0.085
GLU (mmol/L)
28d 3.57 3.56 3.26 0.17 | 0.717
14d 104.08* | 85.51® |64.31> | 5.84 |0.01
AST (U/L)
28d 88.76 104.06 |116.82 |12.04 |0.663
14d 14.10 13.74 | 11.60 0.68 | 0.288
ALT (U/L)
28d 14.83 19.28 | 14.47 1.48 | 0.355

Table 3. Effects of BanQi extract on the serum biochemical parameters of weaned lamb. *“Means, in a row,
with different superscripts denote statistical differences (P <0.05). Dietary treatments: NC (Basic Diet), UBQ
(Basic Diet + 6 ml/lamb/day Unfermented BanQi extract), FBQ (Basic Diet + 6 ml/lamb/day Fermented BanQi
extract).

compact. Table 4 showns the data on villus height, villus width, and crypt depth in each intestinal segment.
Compared to the NC group, UBQ significantly reduced the villus height and villus width of lamb ileum (P <0.05),
while FBQ elevated the villus height in all intestinal segments, with a significant increase in the jejunum and
ileum (P <0.05). Additionally, the villus width in the duodenum and ileum of lambs in the FBQ group was
significantly decreased (P <0.05). The treatments in each group did not significantly affect the crypt depth of
the small intestine.

Dietary treatment
Item NC UBQ FBQ SEM P-value
Duodenum 833.16 947.95 1164.77 67.66 0.124
Villus height Jejunum 846.63* 909.89% 996.42° 25.61 0.045
Tleum 863.30* 672.60° 1238.65° 67.86 0.0001
Duodenum 197.75* 109.54° 120.06" 12.53 0.001
Villus width Jejunum 149.41* 223.76° 163.76% 12.05 0.016
Tleum 310.72° 173.77° 176.15° 23.46 0.013
Duodenum 146.20 119.61 182.70 13.35 0.154
Crypt depth Jejunum 176.39 171.43 202.42 12.88 0.065
Tleum 159.96 222.97 225.63 18.78 0.286

Table 4. Effect of BanQi extract on intestinal villi morphology of weaned lamb (um). *“Means, in a row,

with different superscripts denote statistical differences (P <0.05). Dietary treatments: NC (Basic Diet), UBQ
(Basic Diet + 6 ml/lamb/day Unfermented BanQi extract), FBQ (Basic Diet + 6 ml/lamb/day Fermented BanQi
extract).
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Intestinal microbiota diversity and composition

Duodenum flora diversity and composition

The duodenum flora of lambs in the FBQ treatment had the highest quantity of OTUs compared to the UBQ
or NC group (Fig. 4A). The a-diversity index revealed that the richness (Chao 1 index) and diversity (Simpson
index) were significantly increased in the FBQ treatment compared to the NC (P <0.05; Fig. 4B). $-diversity based
on Bray-Curtis distances showed no crossover between treatment, indicating that FBQ significantly changed
the composition of duodenal intestinal flora. (Fig. 4C). At the phylum level, compared with other treatments,
the abundance of Firmicutes and Actinobacteria increased, while the abundances of Proteobacteria and Cyano-
bacteria decreased in the gut of lambs fed FBQ (Fig. 4D). LDA Effect Size (Lefse) analysis was used to Screening
the dominant strains in each treatment (LDA threshold =3). Overall, 17 dominant colonies were found in the
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Fig. 4. Microbial diversity of duodenum of lambs (A) OTU Clustering Map. (B) Alpha Diversity (C) Beta
Diversity. (D) Flora composition at the phylum level. (E) Differential flora analysis. (F) Functional Prediction
Analysis of Gut flora. Dietary treatments: NC (Basic Diet), UBQ (Basic Diet + 6 ml/lamb/day Unfermented
BanQi extract), FBQ (Basic Diet + 6 ml/lamb/day Fermented BanQi extract). FBQ-A, UBQ-A, and NC-A
represent the duodenum of lambs in the FBQ, UBQ, and NCs, respectively.
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duodenum across treatment. The FBQ treatment was significantly enriched in L7A_EI1 and Mogibacterium,
the NC was significantly enriched in Acinetobacter, and the UBQ treatment showed no colonies enriched at
any genus level (P <0.05) (Fig. 4E). In addition, we used the PICRUSt2 tool to map the 16S sequences to the
genes and pathways that these bacterial species may harbor. After obtaining the relative abundance of signaling
pathways, we filtered for metabolic pathways that showed significant differences between different treatment
using a criterion of [log2FC|> 1. The results showed that compared to the NC, the enrichment of Proteasome,
Secondary bile acid biosynthesis, Bacterial invasion of epithelial cells, Xylene degradation, N-Glycan biosynthesis,
Staphylococcus aureus infection, Galactose metabolism, and Sphingolipid metabolism in FBQ treatment group
increased significantly, while the enrichment of Isoflavonoid biosynthesis and Steroid hormone biosynthesis
pathways decreased significantly (P <0.05) (Fig. 4 F1). In addition, compared with the NC group, the enrichment
of Proteasome, N-Glycan biosynthesis, and Malaria pathways in the UBQ treatment group increased significantly
(P<0.05). No significantly downregulated signaling pathways were predicted in the UBQ treatment (Fig. 4 F2).

Jejunum flora diversity and composition

OTU clustering of jejunum flora showed that FBQ increased colony diversity (Fig. 5A). a-diversity showed that
the Simpson index of the UBQ group was significantly lower than that of the FBQ group (P<0.05). B-diversity
showed that there were significant differences in the composition and structure of intestinal flora among the
three groups (Fig. 5C). The phylum-level results showed that FBQ lambs had increased abundances of Firmi-
cutes and Tenericutes and a decreased abundance of Cyanobacteria compared to the NC; Elusimicrobia were
found only in the UBQ treatment (Fig. 5D). LEFSE analysis revealed that 15 biomarkers, including YRC22 and
Aeriscardovia, were significantly enriched in the jejunum of FBQ lambs, Herbaspirillum and Paenibacillus were
significantly enriched in the jejunum of UBQ lambs, and Zoogloea and Clostridium was significantly enriched
in the jejunum of NC lambs (P<0.05) (Fig. 5E). The functional prediction of the jejunal flora showed that in the
FBQ treatment, the enrichment of Polyketide sugar unit biosynthesis, Photosynthesis—antenna proteins, and
Bacterial invasion of epithelial cells was significantly higher compared to the NC (P <0.05), while the enrich-
ment of Isoflavonoid biosynthesis was significantly lower than the NC (P <0.05) (Fig. 5 F1). In comparison to the
NG, the UBQ treatment exhibited a significant increase in the enrichment of Photosynthesis-antenna proteins
and African trypanosomiasis (P <0.05), while the enrichment of the mRNA surveillance pathway significantly
decreased (P<0.05) (Fig. 5 F2).

Ileum flora diversity and composition

Similar to the duodenum, the FBQ increased diversity in the Ileum flora compared to the other treatments. The
UBQ treatment showed decreased abundance and diversity of flora compared to the NC group (Fig. 6A-C). At
the phylum level, the highest abundances of Proteobacteria and Elusimicrobia were found in the ileum of the
UBQ treatment (Fig. 6D). A total of 31 biomarkers were obtained using the LEFSE analysis. Butyrivibrio, Seleno-
monas, Eggerthella, Pseudoramibacter, Eubacterium, Lawsonia, and Streptococcus were all significantly enriched
in the FBQ treatment, Clostridium, Chlamydia, and SMB53 were significantly enriched in the NC (P<0.05),
whereas the UBQ treatment showed no colony enrichment at the genus level (Fig. 6E). In addition, we also
performed functional prediction of gut flora. The results showed that compared to the NC, FBQ significantly
enriched the signal pathways of Bacterial invasion of epithelial cells, Penicillin and cephalosporin biosynthesis,
and Biosynthesis of type II polyketide backbone, while the enrichment of Isoflavonoid biosynthesis, Staphylococ-
cus aureus infection, mRNA surveillance pathway, Pathogenic Escherichia coli infection, and Lysosome decreased
significantly (P <0.05) (Fig. 6 F1). Compared with NC, UBQ significantly enriched the signal pathways of African
trypanosomiasis and Lipopolysaccharide biosynthesis, while Lysosome, Staphylococcus aureus infection, and
mRNA surveillance pathway were significantly reduced (Fig. 6 F2).

Discussion
To explore the influence of fermentation on the metabolites of traditional Chinese medicine, we analyzed the
compositional changes of BanQi extract before and after fermentation using non-targeted metabolomics. FBQ
had significantly increased Val-Leu-Pro-Val-Pro-Gln, Gly-Leu, isoleucyl-isoleucine, cyclo (Pro-Leu), and
leucyl-leucine in small molecular quantities. These results show that in vitro fermentation can break down large-
molecule proteins into small-molecule peptides, which is extremely important for young animals with immature
absorption capabilities. Phenylalanine, leucine, and isoleucine are important building blocks for protein synthesis
in animals and are catalyzed by hydroxylases to produce tyrosine, which reduces the effects of stressors?'. Leu-
cine and its metabolite f-hydroxy-fB-methylbutyrate have been shown to activate the mTORCI signaling path-
way, induce skeletal muscle protein synthesis, attenuate insulin-independent protein degradation, and improve
growth performance?**. Isoleucine has been shown to restore growth performance in low-protein-fed piglets
by improving intestinal development and the plasma metabolic profile and activating the hepatic Insulin-like
Growth Factor 1 (IGF-1) pathway**. Vindesine, an analog of vinca alkaloid, and its analogs are classical drugs
for NSCLC treatment. The pharmacological effects of aconitine include inotropic, analgesic, anti-inflammatory,
anti-rheumatic, and neurotransmitting effects?*. Reserpine is used together with prednisone as an antipsychotic
and antihypertensive?”?, these free amino acids and medicinal components are enhanced after fermentation.
Our study shows that BanQi extract fermented with B. subtilis can effectively enhance medicinal components of
traditional herb medicine and convert biological macromolecules into small molecules, which are better suited
for animal absorption.

Astragalus membranaceus is a widely used fermented traditional Chinese medicine in animal feeding. Stud-
ies have shown that the addition of fermented Astragalus membranaceus to the feed can enhance the growth
performance, immune function, antioxidant capacity, and intestinal flora regulation of broiler chickens, with
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Fig. 5. Microbial diversity of jejunum of lambs. (A) OTU Clustering Map. (B) Alpha Diversity. (C) Beta
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Diversity. (D) Flora composition at the phylum level. (E) Differential flora analysis. (F) Functional Prediction
Analysis of Gut flora. Dietary treatments: Dietary treatments: NC (Basic Diet), UBQ (Basic Diet+6 ml/lamb/
day Unfermented BanQi extract), FBQ (Basic Diet + 6 ml/lamb/day Fermented BanQi extract). FBQ-B, UBQ-B,
and NC-B represent the jejunum of lambs in the FBQ, UBQ, and NCs, respectively.

a 2% concentration achieving even better results. The results of this study showed that compared to UBQ,
FBQ treatment was more effective in improving the growth performance of lambs, with a supplement dose of
approximately 0.6% by weight. Serum total protein, albumin, creatinine, urea, and glucose concentrations have
also been described as valuable parameters of hepatic injury and function®. In the middle of the experiment (14
d), we observed that TP, AST, and urea in the serum of FBQ lambs were all significantly lower than those in the
NC. Increasing the villus height indicates enhancing the efficiency of digestion and absorption, thus long villi are
correlated with improved gut health. The FBQ treatment significantly increased the villus height of the jejunum
and ileum, whereas the UBQ treatment did not show such a significant change. These results suggest that supple-
menting with FBQ can improve the digestive and absorptive capacity of lambs while also protecting liver health.
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The intestinal microbiota is an important component of intestinal health, and intestinal flora with high diver-
sity may be more stable and healthier than that with low diversity™. It is noteworthy that FBQ could increase
the abundance and diversity of microbial communities in the duodenum, jejunum, and ileum of lambs, whereas
UBQ could decrease the diversity of microbial communities in the ileum and jejunum. This may be part of the
reason why FBQ is more effective in enhancing the growth performance and intestinal villus height of lambs.
Mogibacterium can produce phenylacetic acid, which is necessary for cellulose breakdown in ruminant strains’!,
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whereas Butyrivibrio is the primary butyric acid-producing strain that plays a crucial role in the degradation of
fibers and other complex polysaccharide’>*. These two flora were significantly enriched in the intestines of FBQ
lambs. Acinetobacter is commonly found in soil and water. A. baumannii, A. nosocomial, A. pittii, A. ursingii, A.
haemolyticus, and A. calcoaceticus are known to pose severe threats to human health®. Clostridium is a medically
significant genus that includes pathogens that cause several diseases in adults and children, such as C. difficile
and C. perfringens, which cause antibiotic-associated diarrhea and colitis***. Two species, Chlamydia trachoma-
tis and C. pneumoniae, belonging to the genus Chlamydia, have been reported to cause various diseases®”. The
above-mentioned flora were all significantly enriched in the intestinal segments of the NC. The results of gut flora
functional prediction showed significant differences in the abundance of signal pathways, such as Proteasome,
Secondary bile acid biosynthesis, Penicillin and cephalosporin biosynthesis, Staphylococcus aureus infection,
and Pathogenic Escherichia coli infection, between the NC and FBQ treatment. This suggests that feeding FBQ
can regulate the energy metabolism of gut flora and modulate the sensitivity of gut flora to pathogenic microor-
ganisms such as Escherichia coli and Staphylococcus aureus. Therefore, feeding FBQ to weaned lambs could be
beneficial for reducing the abundance of harmful bacteria and increasing the enrichment of cellulose-degrading
bacteria, thus improving the cellulose digestion capacity of lambs for improved feed utilization.

Conclusions

This study shows that probiotic fermentation is an effective method to enhance the efficacy of TCM. Feeding
fermented BanQi extract can increase the height of intestinal villus and the abundance of cellulose-digesting
bacteria, and reduce the abundance of pathogenic bacteria, which may be an effective dietary supplement for
weaned lambs. This study provides experimental support for using fermented TCM to improve the growth
performance of weaned lambs.

Data availability
All datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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