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Through the selective breeding of superior strains, livestock and poultry can achieve enhanced disease resistance
and production performance, thereby improving farming efficiency and increasing chicken meat yield. This study
analyzed the expression of gut health-related genes, cecal microbiota, and untargeted serum metabolomics in
Wenchang chickens from the NS strain (Normal strain) and the AFS strain (Antibiotic-free strain), and explored
the relationships between their cecal microbiota and serum metabolites. Our results show that in the ileum,
antioxidant-related indicators T-AOC (P < 0.05), T-SOD (P < 0.05), and GSH-PX (P < 0.05) were significantly
higher in the AFS strain than in the NS strain, while MDA (P < 0.05) was significantly lower in the AFS strain
than in the NS strain. The mRNA expression level of RORyt/FoxP3, which is related to immune regulation, was
significantly lower in the AFS strain than in the NS strain (P < 0.05). The differential microorganisms in the
cecum primarily included Muribaculum, Cryptobacteroides, Blautia, Enterocloster, Lachnoclostridium, Hydro-
genoanaerobacterium, Ruminococcus, Subdoligranulum, Clostridioides, and Evtepia. The main differential metabo-
lites in serum included folinic acid, biotin, lysophosphatidic acid (LPA), 3-hydroxy-3-methylbutanoic acid, 3-
hydroxybutyric acid, and others. The differential metabolites are primarily enriched in the following meta-
bolic pathways: gap junction, glycolipid metabolism, and fatty acid biosynthesis. In addition, the Pearson cor-
relation analysis between the gut microbiota and serum metabolites showed that Blautia was positively
correlated with folinic acid (P < 0.05) and biotin (P < 0.05); Lachnoclostridium was positively correlated with
biotin (P < 0.01); and Ruminococcus was positively correlated with 3-hydroxybutyric acid (P < 0.05). This study
mainly elucidates the metabolic characteristics of the antibiotic-free Wenchang chicken strain by analyzing gut
microbiota and serum metabolites.

Introduction will help improve its disease resistance and production performance,

ensuring the quality and safety of the meat.

Wenchang chicken, a unique indigenous breed from Hainan Prov-
ince, not only reflects the region's cultural and culinary traditions but
also boasts considerable market recognition and competitiveness.
Wenchang chicken is renowned for its tender and flavorful meat, char-
acterized by a distinctive taste (Zheng et al., 2024). These characteristics
provide Wenchang chicken with a distinct advantage in the food market.
Therefore, research on disease-resistant breeding of Wenchang chicken
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In promoting the healthy growth of poultry, gut health is particularly
important. In the research on gut health, gut microbiota, intestinal
inflammation, antioxidant capacity, and gut barrier function are
frequently investigated and considered important areas of study. There
are multifarious microorganisms in the guts of chickens, forming a
complex ecosystem (Yang et al., 2024). The gut microbiota of chickens
plays a crucial role in growth and development, immune function, feed
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efficiency, and fat deposition (Shen et al., 2024). Consequently, many
studies have focused on enhancing the production performance of
chickens through modulating gut microbiota composition. In-depth
research on the types and functions of gut microbiota holds significant
scientific value for promoting healthy growth and improving disease
resistance in chickens (Abdel-Moneim et al., 2024; Zhang et al., 2023).

The metabolic activities of the gut microbiota can influence the host's
metabolism (Luo et al., 2022). Metabolites produced by gut microbiota,
such as short-chain fatty acids (SCFAs) and vitamins, can be absorbed by
intestinal epithelial cells into the bloodstream, entering systemic cir-
culation and influencing the physiological state of the host, thereby
regulating the host's health (Xu et al., 2022; Mao et al., 2024). Untar-
geted serum metabolomics is an emerging field of biotechnology that
analyzes the complete profile of small-molecule metabolites present in
organisms. Serum metabolomics provides a more comprehensive
perspective for research, helping to reveal the complex relationship
between gut health and overall host health. Analyzing the differences in
these metabolites contributes to our understanding of metabolic activ-
ities within the body. Therefore, the combined analysis of gut meta-
genomics and serum metabolomics facilitates a deeper understanding of
how microorganisms impact the physiological processes of the organism
through the metabolites.

To gain a more comprehensive understanding of the differences in
gut health between the NS and AFS strains of Wenchang chickens, this
study analyzed the cecal microbiota through metagenomics and
employed liquid chromatography-mass spectrometry (LC-MS) for serum
metabolite profiling. Additionally, Pearson correlation analysis was
performed to identify potential associations between the gut microbiota
and metabolites. This integrated analytical approach enables us to gain
deeper insights into how microorganisms influence the physiological
processes of the host through their metabolic products. It also reveals
associations and interaction patterns that cannot be elucidated by
single-omics analyses alone.

Despite numerous studies on gut microbiota and serum metabolites
in poultry, research focusing on specific local breeds, such as Wenchang
chickens, remains relatively limited. Research results indicate that there
are significant differences in gut microbiota and serum metabolites be-
tween the two strains, and Pearson correlation analysis reveals corre-
lations between these variables. This study focuses on the local breed of
Wenchang chickens from Hainan Province, featuring regional charac-
teristics and filling a knowledge gap regarding this breed. It provides a
reference for future breeding efforts aimed at enhancing disease resis-
tance in Wenchang chickens, with a focus on gut microbiota and serum
metabolites.

Methods
Sample collection

The study focuses on the NS and AFS strains of Wenchang chickens.
Sixty NS Wenchang chickens and sixty AFS Wenchang chickens were
used, divided into six replicates with ten chickens in the same pen for
each replicate. They were housed in the same environment with a
temperature of 30°C and natural ventilation. Natural and artificial
lighting was provided, and all chickens had free access to feed and
water. At 120 days of age, six female chickens from each strain were
randomly selected for blood sampling. The blood samples were allowed
to stand at 4°C for 1 h, followed by centrifugation at 4,000 rpm for 15
min to obtain serum samples, which were then stored at —80°C. Cecal
contents and intestinal samples were collected and immediately frozen
in liquid nitrogen, followed by storage at —80°C. Ethical approval
(reference number: HNXMSY-20240427) was granted by the Institu-
tional Animal Care and Use Committee at the Experimental Animal
Center of Hainan Academy of Agricultural Science, which is responsible
for ensuring animal welfare.
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Relative mRNA expression analysis by qRT-PCR

Total RNA was extracted from the ileum by using Trizol (Genes and
Biotech Co., Ltd, Beijing, China). A cDNA reverse transcription kit was
used to reverse transcribe the RNA into cDNA (Accurate Biology, Bei-
jing, China). The concentration of total RNA and cDNA was determined
using NanoDrop One Microvolume UV-Vis Spectrophotometer (Thermo
Scientific, USA). qRT-PCR was performed using SYBR Green qPCR Mix
(Baosharp, China) with the following program: 95°C for 5 min, 40 cycles
of 95°C for 10 s, and 60°C for 30 s. The 2722% method was used to
calculate the relative mRNA expression levels. The primer sequences for
the genes are provided in Table 1.

Antioxidant capacity

The ileum tissue homogenate was prepared using saline. After
centrifugation, the supernatant was collected. According to the manu-
facturer's instructions (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China), the levels of malondialdehyde (MDA), total antioxidant
capacity (T-AOQC), total superoxide dismutase (T-SOD), and glutathione
peroxidase (GSH-PX) activity were measured using the prepared
supernatant.

Analysis of gut microbiota

Cecal contents samples were sent to Novogene (Beijing, China) for
microbiota analysis. Following the extraction of genomic DNA, 1 pg of
gDNA from each sample was subjected to sonication (Covaris, UK),
which randomly fragmented the DNA into segments of approximately
350 bp in length. The fragmented DNA was then used for library con-
struction. Sequencing was performed on the Illumina NovaSeq PE 150
platform to obtain raw sequence data reads. The raw data generated
from the NovaSeq platform was filtered using fastp software to produce
clean data for further analysis.

To analyze the gut metagenomic microbiota, the clean data were
obtained and then assembled using MEGAHIT software, resulting in the
generation of scaftigs. Based on the assembled scaftigs, fragments
shorter than 500 bp were filtered out. ORF prediction was performed on
the scaftigs of each sample using MetaGeneMark. Redundancy in the
ORF prediction results was removed using CD-HIT software to construct
a non-redundant initial gene catalogue. Subsequently, Bowtie2 was used
to align the clean data from each sample to the initial gene catalogue.
This alignment enabled the calculation of the number of reads mapped
to each gene in each sample, allowing for the determination of gene

Table 1
Primer sequences of qRT-PCR.

primer name primer sequence(5'—3") product size/bp

ZO-1F GTGACTCTTCACAGGGCTCC 139
Z0-1R GTAGCAGTCCTTCTGCTGGG

CLAUDIN 1 F ACCCACAGCCTAAGTGCTTC 200
CLAUDIN 1 R AGGTCTCATAAGGCCCCACT

OCCLUDIN F ACGGCAGCACCTACCTCAA 123
OCCLUDIN R GGGCGAAGAAGCAGATGAG

NRF2 F GTGTGTACTCATCGCGGTTC 103
NRF2-R GGAGGGTCTTTCTTTGGTGTG

HO-1F GAAACTTCGCAGCCACACAAC 233
HO-1R GGAGCATAGACAGGGTTGTCC

CATF AGCAGGTGCCTTTGGCTATT 121
CATR TCCAGCAACAGTGGAGAACC

SOD-1 F GTGACCTCGGCAATGTGACT 86
SOD-1R GCAGTGTGGTCCGGTAAGAG

FoxP3 F CCGTGTCGGTGGCTATGATG 149
FoxP3 R CTCTTGAAGCTGCTGCTGTTG

RORyt F CGCATTGGAGATTGAGCTGC 134
RORyt R TTTTCTGGAAGGCGCAGACC

p-actin F GAGAAATTGTGCGTGACATCA 152
p-actin R CCTGAACCTCTCATTGCCA
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abundance in each sample. Unigenes were aligned with commonly used
databases that provide functional annotations (NCBI NR, KEGG) using
DIAMOND software. For subsequent analysis, the highest score for each
sequence was selected to obtain annotation information from each
database.

Untargeted serum metabolomics

The serum samples were sent to Novogene (Beijing, China) for
untargeted metabolomics analysis. A total of 100 pL of serum was placed
in an EP tube, and 400 pL of 80% methanol was added to it. The mixture
was vortexed and left on ice for 5 min, followed by centrifugation at
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15,000 g for 20 min at 4°C. The supernatant was collected and diluted to
a final methanol concentration of 53%. After centrifugation at 15,000 g
for 20 min at 4°C, the supernatant was collected for analysis by LC-MS.
Subsequently, the samples were separated using a Hypesil Gold column
(100 x 2.1 mm, 1.9 pm) and analyzed using a Q Exactive™ HF/Q
Exactive™ HF-X mass spectrometer. Chromatographic separation was
conducted at a column temperature of 40°C, using a mobile phase
consisting of 0.1% formic acid (A) and methanol (B) at a flow rate of 0.2
mL/min. The elution gradient was as follows: at 0 min, 98% A and 2% B;
at 1.5 min, 98% A and 2% B; at 3 min, 15% A and 85% B; at 10 min, 0%
A and 100% B; at 10.1 min, 98% A and 2% B; at 11 min, 98% A and 2%
B; and at 12 min, 98% A and 2% B. The mass spectrometry conditions
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Fig. 1. The analysis of intestinal barrier, antioxidant capacity, and immunity in the ileum

(A)Gene expression levels related to gut barrier function.
(B)Gene expression levels related to antioxidant capacity.

(C)Measurement of antioxidant indicators MDA, T-AOC, T-SOD, and GSH-PX in the ileum.

(D)Expression levels of immune-related genes.
(E)The ratio of gene expression levels of RORyt to FoxP3.
*P < 0.05, **P < 0.01, ***P < 0.001.
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were set to scan a range of m/z 100-1500. The settings for the ESI source
were as follows: Spray Voltage: 3.5 kV; Sheath gas flow rate:35 psi; Aux
Gas flow rate:10L/min; Capillary Temp:320°C; S-lens RF level:60; Aux
gas heater temp:350°C; Polarity: positive, negative; MS/MS secondary
scans: data-dependent scans.

Statistical analysis

Data from qRT-PCR and antioxidant capacity indicators were
analyzed using GraphPad Prism 10 and SPSS 27. Intergroup differences
were analyzed using a t-test. Differences were considered statistically
significant when P < 0.05. A post-hoc power analysis was performed
using SSPS AU to evaluate the adequacy of the selected sample size.

In the study of gut metagenomics, after annotating information at
different levels, we conducted alpha diversity and beta diversity ana-
lyses. Next, we used Analysis of Similarity (ANOSIM) to assess the dif-
ferences between groups. Subsequently, we employed the
MetaGenomeSeq method to process and analyze the data, and used the
LEfSe method to identify species with significant abundance differences
between groups. After that, we applied MetaStat for statistical testing to
further confirm the significance of these differential species.

For the analysis of metabolomics data, we employed the software
metaX to process and transform the data, followed by PLS-DA analysis.
Statistical differences among metabolites were calculated using the t-
test. The default criteria for identifying differential metabolites were set
as VIP > 1, P-value < 0.05, and |logoFC| > 0.58.

Pearson correlation analysis was conducted to assess the top 10
differential microbiota identified at the genus level and the top 10 dif-
ferential metabolites in serum under both positive and negative ioni-
zation modes. A heatmap was generated utilizing Origin software.

Result
Ileal analysis of intestinal barrier, antioxidant capacity, and immunity

As shown in Fig. 1, compared with the NS strain, the AFS strain
exhibited significantly higher mRNA expression of CLAUDIN-1 (P <
0.001) and significantly lower mRNA expression of OCCLUDIN (P =
0.009). The mRNA level of ZO-1 in the AFS strain showed an upward
trend, but this was not statistically significant (Fig. 1A). In the AFS
strain, the mRNA expression levels of the antioxidant indicator NRF2 (P
= 0.005), OH-1 (P = 0.045), and SOD-1 (P < 0.001) were significantly
higher than those in the NS strain, while there was no significant dif-
ference in CAT (Fig. 1B). Subsequently, we examined the antioxidant
markers and found that the levels of T-AOC (P = 0.018), T-SOD (P =
0.016), and GSH-PX (P = 0.020) in the AFS strain were significantly
higher than those in the NS strain, while MDA (P = 0.036) was signifi-
cantly lower than that in the NS strain (Fig. 1C). The mRNA expression
level of FoxP3, which is related to immune regulation, was significantly
higher in the AFS strain (P = 0.003) compared to the NS strain, while the
ratio of RORyt to FoxP3 showed a significant decrease (P = 0.038)
(Fig. 1D, E). These experimental results suggest that the AFS strain may
have stronger intestinal antioxidant capacity in the ileum.

Gut microbiota composition and diversity

We collected cecal contents from two strains of Wenchang chickens,
with six samples per strain. Metagenomic DNA was extracted, and a
sequencing library was constructed. The obtained original data of 77.77
Gbps underwent quality control, resulting in an effective data volume of
76.55 Gbps after filtering. Next, gene fragments from a single sample
were assembled, filtering out those shorter than 500 bp, resulting in
fragments with an average length of 1320 bp. Subsequently, gene pre-
diction was conducted to generate a non-redundant gene set. In the next
step, the number of genes among the sample groups was quantified,
revealing that the two groups share a total of 2,551,856 genes, with
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195,298 genes unique to the NS strain and 322,717 genes unique to the
AFS strain (Fig. 2A).

We conducted a selection of the top 10 microbial abundances from
two strains of Wenchang chickens. The phyla with the highest relative
abundance are Bacteroidota, Bacillota, Spirochaetota, Actinomycetota,
Thermodesulfobacteriota, Euryarchaeota, Uroviricota, Synergistota, Elusi-
microbiota, and Deferribacterota (Fig. 2B). The top ten genera with the
highest relative abundance are Bacteroides, Muribaculum, Alistipes, Bra-
chyspira, Phocaeicola, Prevotella, Clostridium, Pseudoflavonifractor, Para-
bacteroides, and Flavonifractor (Fig. 2C).

The results of the a-diversity analysis indicated that at the phylum
level, the Simpson index of the AFS gut microbiota was significantly
higher than that of the NS strain (P = 0.0290). However, there were no
significant differences in the ACE, Chaol, Shannon, Observed species,
and Good's coverage indices (Fig. 2D, E). At the genus level, the Simpson
(P = 0.0004) and Shannon (P < 0.0001) indices of the gut microbiota in
the AFS strain were extremely significantly higher than those in the NS
strain, while there were no significant differences in ACE, Chaol,
Observed species, and Good's coverage indices (Fig. 2F, G).

Beta diversity was primarily assessed using principal component
analysis (PCA) to analyze the gut microbiota of the two strains of
Wenchang chickens. The analysis indicated a slight overlap at the
phylum level, while the overlap at the genus level was significantly
lower (Fig. 2H, I). Additionally, through ANOSIM similarity analysis, we
identified significant differences in microbial communities between the
two strains, both at the phylum level (R = 0.7630, P = 0.0060) and the
genus level (R = 0.9352, P = 0.0020). Overall, there is a significant
separation of microbial communities at both the phylum and genus
levels.

Differences in cecal microbiota

Employing LEfSe analysis to identify microorganisms that show
significant differences between groups, the LDA value distribution his-
togram revealed differences in the composition of microbial commu-
nities between the AFS and NS strains. The results indicated that the
hallmark microorganisms in the NS strain included Muribaculum and
Brachyspira, while in the AFS strain, the hallmark microorganisms
included Massilistercora timonensis and Blautia (Fig. 3A, B).

Additionally, MetaStat analysis was employed to assess differential
microorganisms between the two groups at the genus level, as shown in
the accompanying figure. The results demonstrated that Muribaculum
and Cryptobacteroides were significantly more abundant in the NS strain
compared to the AFS strain (P < 0.05) (Fig. 3C). Conversely, in the AFS
strain, the relative abundances of Blautia, Enterocloster, Lachnoclostri-
dium, Hydrogenoanaerobacterium, Ruminococcus, Subdoligranulum, Clos-
tridioides, and Evtepia were significantly higher than those in the NS
strain (P < 0.05) (Fig. 3D).

KEGG annotation and functional analysis of microbiota

Based on the analysis of KEGG annotation results, we observed that
proteins associated with metabolic functions comprise the highest pro-
portion of annotated genes, particularly those related to carbohydrate
metabolism. The enriched KEGG pathways primarily include carbohy-
drate metabolism, amino acid metabolism, membrane transport, trans-
lation, energy metabolism, and metabolism of cofactors and vitamins
(Fig. 4A).

We analyzed the top 10 abundances of annotated genes in the KEGG
level 3 metabolic pathways of Wenchang chickens (Fig. 4B). To inves-
tigate the potential metabolic differences in functional composition, we
utilized the MetaStat analysis method to identify the top 35 significantly
different metabolic pathways between the groups (Fig. 4C). As shown in
the figure, the relative abundance of ABC transporters (ko02010) in the
AFS strain is significantly higher than that in the NS strain, while the
relative abundances of pyrimidine metabolism (ko00240) and ribosome
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Fig. 2. Analysis of gut microbial community composition and diversity in NS and AFS strains of Wenchang chickens.
(A)Statistical analysis of gene numbers in the Venn diagram.
(B) The top 10 compositions of gut microbiota at the phylum level.
(C) The top 10 compositions of gut microbiota at the genus level.
(D)The Simpson index at the phylum level.
(E)The Shannon index at the phylum level.
(F)The Simpson index at the genus level.
(G)The Shannon index at the genus level.

(H) PCA of the p-diversity at the phylum level.

(I) PCA of the B-diversity at the genus level.
*P < 0.05, **P < 0.01. N = 6 in each group.
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Fig. 3. Differential analysis of gut microbiota between the NS and AFS strains of Wenchang chickens.

(A) The LEfSe analysis of gut microbiota.

(B) Cladogram indicating the phylogenetic distribution of microbiota correlated with the NS or AFS strains.

(C, D) The MetaStat analysis of differential gut microbiota.

(ko03010) are lower than those in the NS strain.

Diversity and difference in serum metabolomics

This study utilized LC-MS to perform a metabolomic analysis of
serum collected from different strains of Wenchang chickens, aiming to
further assess the differences in metabolites. The PCA analysis indicates
a trend in the differences of metabolites between the two strains of
Wenchang chickens (Fig. 5A, B). In the PLS-DA model, the metabolomics
of the NS strain and AFS strain exhibited clear separation in both posi-
tive and negative ion modes (Fig. 5C, D).

To visually represent the differential metabolites, a volcano plot was
constructed with differentially expressed metabolites indicated by red
and blue dots. A total of 95 differential metabolites were identified in the
positive mode between the two groups, including 13 significantly up-
regulated metabolites and 82 significantly down-regulated metabolites
(Fig. 5E). In the negative mode, a total of 109 differential metabolites
were identified, comprising 57 significantly up-regulated metabolites
and 52 significantly down-regulated metabolites (Fig. 5F). Among these

differential metabolites are lipids and lipid-like molecules, organo-
heterocyclic compounds, organic acids and derivatives, benzenoids, and
others. Among these, compared to the NS strain, the significantly up-
regulated metabolites in the AFS strain included 2,3-dinor prosta-
glandin E1, 3-hydroxy-3-methylbutanoic acid, 3-hydroxybutyric acid, 5
(S)-HpEPE, chaetocin, biotin, and folinic acid, while the significantly
down-regulated metabolites included 5-sulfosalicylic acid and PE O-
26:5_18:2.

The KEGG pathway enrichment analysis of differential metabolites
revealed that there were three significantly enriched pathways: gap
junction, glycolipid metabolism and fatty acid biosynthesis (Fig. 5G).
Compared to the NS strain, six metabolites in the glycolipid metabolism
pathway were significantly downregulated in the AFS strain, specifically
LPA20:5, LPA20:4, LPA20:3, LPA18:3, LPA18:2, and LPA18:0. More-
over, the gap junction pathway, which has seven significantly down-
regulated metabolites in total, includes the six metabolites that were
downregulated in the glycolipid metabolism pathway.
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(A) Statistics of the number of annotated genes at the KEGG metabolic pathway level 2.
(B) Analysis of the top 10 abundant KEGG pathways (level 3) in Wenchang chickens.
(C) The MetaStat analysis method was used to identify differential KEGG level 3 metabolic pathways.

Metabolomics-metagenomics association analysis

In addition, we conducted an association analysis between the met-
agenome and the metabolome, selecting the top 10 differential metab-
olites and microbiota at the genus level. Based on the Pearson
correlation coefficient, we found a strong correlation between serum
metabolites and the gut microbiota (Fig. 6A, B). This indicates a complex
functional relationship between the gut microbiota and the
metabolome.

Blautia is positively correlated with folinic acid, biotin, and 3-hy-
droxy-3-methylbutanoic acid (P < 0.05). Lachnoclostridium shows a
positive correlation with biotin (P < 0.01) and folinic acid (P < 0.05).
Ruminococcus is positively correlated with biotin (P < 0.01), folinic acid
(P < 0.05), and 3-hydroxybutyric acid (P < 0.05). Subdoligranulum
shows a positive correlation with biotin and 3-hydroxybutyric acid (P <
0.05). Conversely, Muribaculum exhibits negative correlations with
folinic acid (P < 0.01), biotin (P < 0.01), 3-hydroxy-3-methylbutanoic
acid (P < 0.01), and 3-hydroxybutyric acid (P < 0.05).

Discussion

In the development of livestock industry, healthy breeding has been
receiving continuous attention. Enhancing animal immunity is the key
to ensuring the health of livestock, and breeding varieties with stronger
disease resistance is also an important part of animal breeding. The
study screened for cecal microorganisms and serum metabolites that
may enhance disease resistance in Wenchang chickens by conducting
cecal metagenomic analysis and untargeted serum metabolomics anal-
ysis of the NS strain and AFS strain.

Intestinal tight junction proteins (TJPs) are primarily composed of
molecules such as ZO-1, OCCLUDIN, and CLAUDIN (Sarker et al., 2025;

Xieetal., 2024). ZO-1 is a scaffold for transmembrane tight junction (TJ)
proteins and can recruit various signaling molecules (Cholewinska et al.,
2023). CLAUDIN-1 can directly regulate paracellular permeability
(Zhang et al., 2016). The main function of OCCLUDIN is to maintain the
tight junction structure and protect the intestinal barrier (Zhang et al.,
2024b). In our study, the mRNA expression level of CLAUDIN-1 signif-
icantly increased, and the mRNA expression level of OCCLUDIN signif-
icantly decreased. Previous studies have also found an inconsistency
phenomenon regarding OCCLUDIN and CLAUDIN-1, speculating that it
may be related to compensatory effects (Zhou et al., 2022). The
NRF2/HO-1 signaling pathway plays a crucial role in combating
oxidative stress (Li et al., 2025b). NRF2 is a key transcription factor that
regulates the expression of antioxidant enzymes (Chen et al., 2019).
HO-1, SOD, and CAT work synergistically to maintain redox balance and
alleviate oxidative stress damage (Chen et al., 2024). In this study, the
mRNA expression levels of NRF2, HO-1, and SOD in the ileum of the AFS
strain were significantly elevated. Therefore, the elevation of these in-
dicators in the AFS strain may be related to its enhanced antioxidant
capacity. In addition, we further measured the antioxidant-related in-
dicators T-AOC, T-SOD, GSH-PX, and MDA. T-AOC is a major indicator
for assessing the redox balance status in biological systems, while SOD
and GPX are important antioxidant enzymes (Tian et al., 2025). MDA, as
one of the final products of membrane lipid peroxidation, can indirectly
reflect the extent of oxidative damage (Qi et al., 2024). SOD converts
superoxide into hydrogen peroxide, while CAT and GSH-PX can further
decompose hydrogen peroxide into water (Mavridi-Printezi et al.,
2023). Although the mRNA level of CAT did not show a significant in-
crease in our study, we speculate that this may be related to the
compensatory effect of GSH-PX. The enhancement of antioxidant ca-
pacity is indicated by a decrease in MDA levels, an increase in T-AOC
levels, and an increase in the activities of SOD and GSH-Px (Liu et al.,
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Fig. 5. Characteristics of metabolites in serum samples and KEGG enrichment analysis of differential metabolites.

(A, B) 3D maps of PCA analysis showing the differences between the two strains in positive (ESI+) and negative (ESI-) ionization modes.
(C, D) PLS-DA score plots comparing the two strains in positive and negative ionization modes.

(E, F) Significantly different metabolites between NS and AFS strains in positive and negative modes.

(G) Bubble diagram showing the results of the KEGG enrichment analysis.

2024). Our results further support the notion that the AFS strain may
possess a stronger antioxidant capacity. Chronic intestinal inflammation
is closely associated with the imbalance of Helper T cells 17 (Th17) and
regulatory T cells (Treg) (Ma et al., 2023). RORyt, a key transcription
factor for Th17 cells, and FoxP3, a specific transcription factor for reg-
ulatory T cells (Treg), respectively play crucial roles in promoting the
immune response and suppressing immunity (Song et al., 2022). In this
study, the mRNA expression level of FoxP3 was significantly higher in
the AFS strain compared to the NS strain, while the ratio of RORyt to
FoxP3 was significantly decreased. This suggests that the AFS strain may
have some advantage in FoxP3 expression in the ileum, and the change
in the ratio of RORyt to FoxP3 indicates a difference in immune regu-
latory status. These results may suggest a potential advantage for the
AFS group in immune regulation; however, further experiments are
needed to validate the specific impact of these observations on immune
function.

When comparing the cecal microbiota, a diversity analysis showed
that the microbial diversity of AFS strain was higher than that of the NS
strain at the phylum level. At the genus level, the AFS strain had higher
microbial diversity and more uniform species distribution. Furthermore,

beta diversity analysis revealed significant differences in microbiota
between the two strains.

Blautia is an anaerobic genus of bacteria that shows potential as a
probiotic, capable of producing propionate and other short-chain fatty
acids to enhance colonic mucus function (Murakami et al., 2024; Xie
et al., 2025). Blautia can produce bacteriocins to inhibit pathogen
adhesion and may regulate host health by upregulating T cells and the
production of SCFAs (Gao et al., 2024). Massilistercora timonensis is a
strict anaerobe negatively correlated with serum cholesterol and tri-
glyceride levels (Li et al., 2025a). Studies indicate a significant interplay
between lipid metabolism and the immune system (Schmitz et al.,
2023). LEfSe analysis identifies Blautia and Massilistercora timonensis as
marker microbes in the AFS strain that positively influencing host im-
munity and gut health. Brachyspira, a genus of anaerobic bacteria, has
been shown to predominantly colonize individuals with compromised
immune function. The Brachyspira genus includes some pathogenic
spirochetes that affect poultry health (Regina et al., 2021). LEfSe results
indicate a higher relative abundance of Brachyspira in the NS strain,
which may suggest that the immune function of the NS strain is
impaired.
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According to the differential microorganisms obtained from the
MetaStat analysis, in addition to the aforementioned Blautia and Mur-
ibaculum, the three bacterial genera Lachnoclostridium, Ruminococcus,
and Subdoligranulum also play important roles in immunity. Lachno-
clostridium is associated with the production of SCFAs and can generate
butyrate, which has anti-inflammatory properties and enhances gut
barrier integrity by upregulating tight junction proteins (Ozkan et al.,
2024; Dai et al., 2023). Ruminococcus, a member of the Firmicutes
phylum, is capable of hydrolyzing starch and other sugars to produce
butyrate and secretes SCFAs such as acetate, propionate, butyrate, and
lactate (Wang et al., 2024b). Studies have shown that Subdoligranulum is
a butyrate-producing bacterium that is involved in the regulation of
inflammatory responses and potentially contributes to the maintenance
of gut barrier integrity (Wang et al., 2024a; Song et al., 2024, 2024d).
The abundance of Lachnoclostridium, Ruminococcus, and Subdoligranulum
were significantly higher in the AFS strain compared to the NS strain,
which may indicate that the AFS strain has superior regulation of in-
flammatory responses, immune capacity, and gut barrier function.

In untargeted serum metabolomics, we found that significantly up-
regulated metabolites such as folinic acid, and biotin play crucial roles
in anti-inflammatory and immune functions. Folinic acid, also known as
leucovorin, is a naturally occurring compound and one of the active
metabolites of vitamin B9 (Gristan et al., 2025). Insufficient dietary
folate intake, hereditary malabsorption, or defects in folate transport
can lead to combined immunodeficiency, and folinic acid replacement
therapy may be beneficial for alleviating the symptoms of immunode-
ficiency in affected patients (Gok et al., 2023). Research has shown that
folinic acid can enhance the accumulation of natural killer T cells in the
tumor microenvironment, thereby improving the immune response in
mouse models of pancreatic ductal adenocarcinoma (Li et al., 2024a).
Although it is currently known that folinic acid plays an important role
in enhancing immune cell activity, there is limited research on its spe-
cific effects in poultry. However, we have reason to speculate that folinic
acid may also promote immunity and improve disease resistance in
poultry.

Biotin, also known as vitamin B7 or vitamin H, is an important water-
soluble vitamin that is essential for various metabolic processes. As a
cofactor, biotin participates in various metabolic processes in the body,
including gluconeogenesis, fatty acid synthesis, and the catabolism of
odd-chain fatty acids and branched-chain amino acids (Yuan and Chen,
2025). Studies have demonstrated that the supplementation of vitamins
in pig feed can enhance the immune system and gut health (Mainardi
et al., 2024). Furthermore, adding different concentrations of biotin to
broiler diets has been shown to enhance production and physiological
performance (Hasan Kadhim et al., 2022). Moreover, the gut microbiota
can synthesize various vitamins, including biotin (Petschow et al.,
2015). Studies have indicated that the gut microbiota can influence the
synthesis, metabolism, and transport of vitamins (Zhai et al., 2022).
Therefore, we speculate that changes in biotin levels in serum may be
associated with the composition of the gut microbiota.

Chaetocin is a natural product produced by fungi of the genus
Chaetomium, which have been found to possess anticancer, anti-
inflammatory, and anti-aging effects (Wang et al., 2025, 2024c; Vo
et al., 2017). LPA is a bioactive lipids associated with T cell-regulated
diseases (Mathew and Torres, 2020). Notably, in certain chronic viral
infections, the levels of LPA are significantly elevated, and LPA may
have a suppressive effect on CD8" T cell immunity (Kremer et al., 2022).
3-hydroxy-3-methylbutanoic acid and 3-hydroxybutyric acid are clas-
sified as butyric acid derivatives and fall under the category of SCFAs.
SCFAs serve as an energy source and possess antibacterial properties,
playing a crucial role in maintaining overall gut health (Li et al., 2024b).
Research has indicated that 3-hydroxybutyric acid exerts beneficial ef-
fects on the gut mucosal barrier (Chen et al., 2025). The significant
upregulation of metabolites such as folinic acid, biotin, 3-hydroxy-3-me-
thylbutanoic acid, 3-hydroxybutyric acid and chaetocin, along with the
significant downregulation of LPA, may have a positive impact on
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protecting gut health in chickens and are potential metabolites for
enhancing the disease resistance of Wenchang chickens.

In the Pearson correlation analysis of cecal microbiota and serum
metabolites, we observed complex association between microbiota and
metabolites, suggesting that gut microbiota not only plays an important
role in metabolic processes but may also regulate health status by
influencing the physiological functions of the host. Previous studies have
shown that Blautia is capable of producing various forms of folate
(Kundra et al., 2024), and is positively correlated with folinic acid.
Therefore, in our study, the positive correlation between Blautia in the
cecum and folinic acid in the serum is particularly noteworthy. We
reasonably speculate that the abundance of Blautia may enhance the
host's immune function and increase the host's resistance to disease by
increasing folate levels in the blood. Research has shown that the
decreased ability to synthesize biotin in the intestines of mice is asso-
ciated with a reduction in the abundance of beneficial bacteria such as
Blautia and Lachnoclostridium (Leung et al., 2023). This also suggests that
an increase in the abundance of Blautia and Lachnoclostridium may
promote the production of biotin, which is then absorbed by the intes-
tine into the host's bloodstream (Zhang et al., 2024a). This relationship
further supports our speculation that Blautia and Lachnoclostridium
enhance the host's resistance to disease by increasing the levels of biotin
in the bloodstream. In addition, Blautia and Ruminococcus are widely
recognized as bacterial genera that produce butyrate (Grosicki et al.,
2020). Research has shown that Ruminococcus torques is positively
correlated with 3-hydroxybutyric acid in patients with type 1 diabetes
(Tan et al., 2023). In our study, we also found a positive correlation
between Ruminococcus and 3-hydroxybutyric acid, which may be related
to the disease resistance of Wenchang chickens. Although we observed a
correlation between the microbiota and serum metabolites, further
experimental studies are needed to explore whether these microorgan-
isms may directly influence the synthesis of metabolites.

Conclusions

In summary, our study identified the differential cecal microorgan-
isms and serum metabolites between the NS and AFS strains of Wen-
chang chickens. Notably, Pearson correlation analysis revealed that
Blautia was positively correlated with folinic acid and biotin; Lachno-
clostridium was positively correlated with biotin; and Ruminococcus was
positively correlated with 3-hydroxybutyric acid. Therefore, we specu-
late that these differential microorganisms and metabolites may serve as
potential markers for breeding Wenchang chickens with strong disease
resistance. However, further functional studies are still needed to vali-
date the specific roles of the identified microorganisms and metabolites
in enhancing disease resistance in Wenchang chickens.
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