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roosters
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The objective of this study was to assess the effects of N-Carbamylglutamate (NCG) supplementation
on cecal morphology, microbiota composition, and short-chain fatty acids (SCFAs) contents in broiler
breeder roosters. A total of 72 11-week-old Zhuanghe Dagu broiler breeder roosters with a similar
initial body weight (1.53 +0.06 kg) were randomly allocated into two groups. Each group had 3
replicates with 12 birds per replicate. The experimental period lasted 42 days. All birds underwent the
same production practices, except for the dietary conditions. It was found that an increase in cecal
muscularis thickness and villi epithelium thickness. The NCG supplementation was found to have
regulatory effects on the composition of cecal microbiota. Additionally, the study observed an increase
in the content of butyric acid in the cecum of broiler breeder roosters fed with the NCG-containing
control diet compared to those fed with the basal diet. Spearman correlation analysis showed that

the variation of cecal microbiota was closely related to the production of butyric acid as well as the
improvement of muscularis and villi epithelium thickness in cecum. The increase of butyric acid content
in cecum was positively correlated with the improvement of cecal muscularis and villi epithelium
thickness. In conclusion, the findings of this study indicate that dietary supplementation of NCG

in broiler breeder roosters can positively influence cecal morphology, microbiota composition, and
butyric production.

Keywords N-Carbamylglutamate, Broiler chick, Intestinal health, Intestinal microbiota, Hindgut
fermentation

The reproductive performance and general health of broiler breeder roosters are crucial for the success of poultry
operations. Various factors, including intestinal microbiota, intestinal morphology, and hindgut fermentation,
significantly impact the performance of broiler breeder roosters by influencing gut health and intestinal integrity'.

Diet plays a vital role in affecting the intestinal microbiota, intestinal morphology, and hindgut fermentation
activities. Supplementing exogenous additives is an effective approach to improving the intestinal microbiota,
intestinal morphology, and hindgut fermentation activities of broiler chicks, thereby enhancing overall
performance??. For example, adding an unsaturated fat source to broiler chicken diets improves the composition
of thigh fatty acids and improves immune function in broiler chickens?. The addition of zinc to the diet improves
feed intake, egg weight and optimal tissue absorption of zinc in laying hens. The addition of methionine-chelated
zinc improves the mechanical properties of the shins at the end of the production cycle without affecting the
eggshell quality in laying hens’. Moharreri et al.°, Moharreri et al.” found that microcapsules containing thyme,
savory, peppermint and black pepper seeds as feed additives increased final body weight, total feed intake, FCR,
antioxidant status in vivo, ileum morphological structure and gut microbial counts, and increased the expression
of antioxidants and Microbes regulated inflammatory genes in ileal tissue. N-carbamylglutamate (NCG), a
synthetic analog of N-acetylglutamate, promotes the synthesis of endogenous arginine. Several studies have
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reported the regulatory effects of NCG on the intestinal microbiota. For instance, Zhang et al.® demonstrated
that NCG supplementation can mitigate colonic barrier injury, oxidative stress, and inflammation by modulating
colonic microbiota in intrauterine growth retardation-suckling lambs. Similarly, Li et al.’ found that NCG
supplementation enhances amino acid biosynthesis by regulating gut microbiota and contributes to the growth
promotion of tilapia. The widespread use of antibiotic growth promoters (AGPs) in animal production has
played a large role in increasing animal production, but certain drug-borne diseases, immunosuppression, and
other phenomena caused by the toxic side effects of antibiotics may result in animal health impairment!’. Over
the years, various feed additives have been launched that have been specifically developed to help the poultry
industry achieve its goal of being antimicrobial by optimizing poultry’s healthy digestive tract. Studies have shown
that ESBM replacement for EFS improves the immune response, antioxidant status, intestinal morphology and
barrier function in pigs that are fed an antibiotic-free diet, thereby improving their performance!!. Feng et al.!?
reported that NCG supplementation during gestation improves the intestinal microbiome in sows, ultimately
enhancing placental and fetal development. The addition of NCG maintains optimal poultry performance and
productivity without the need for antibiotics. Zeng et al.!*> showed that oral administration of NCG to newborn
piglets improves growth performance by regulating intestinal microbiota. Additionally, Zhu et al.'* observed
that NCG can improve rumen fermentation, increase rumen microbial diversity, and enhance the production
performance of Holstein dairy cows. SCFA is the main metabolite formed during microbial fermentation in
the intestine and plays an important role in intestinal health. NCG supplementation increased propanoic acid
content while decreasing acetic acid and hexanoic acid in the hindgut'®. The relative abundance of Lactobacillus
and Streptococcus normalizes, and both arginine and NCG can attenuate colonic barrier damage, oxidative
stress (OS), and inflammation by modulating the colonic microbiota of IUGR dairy lambs®1°. As a feed additive,
the application of NCG in mammal production shows that it has the functions of improving production
performance, promoting intestinal development and strengthening immunity. However, the application of
NCG in poultry production is rarely reported, and most of them focus on broilers. Zhang et al.'” suggested
that NCG treatment of amniotic membranes in broiler embryos at the late incubation stage could increase
arginine content, improve nutritional properties, increase antioxidant capacity and improve meat quality of
broiler pectoral muscles. Hu et al.'® found that the effect of NCG diet on the growth of broilers may be related
to the homeostatic balance of arginine metabolism, lipid deposition, protein synthesis and immune response.
However, studies investigating the effect of NCG supplementation on the intestinal morphology, microbiota
composition, and hindgut fermentation activities of broiler chicks are still lacking.

In poultry, the cecum plays a significant role in affecting overall performance. Despite chickens having
a relatively smaller cecum compared to herbivorous animals, it serves important functions. The cecum is a
specialized pouch located at the junction of the small and large intestines in poultry and other monogastric
animals'®. Within the cecum resides a diverse population of microorganisms, including bacteria, protozoa,
and fungi, collectively known as the cecal microbiota. These microorganisms possess the necessary enzymes to
break down complex carbohydrates that the bird’s own digestive enzymes cannot efficiently digest?’. Through
fermentation, the cecal microbiota metabolizes complex carbohydrates into short-chain fatty acids (SCFAs)
such as acetate, propionate, and butyrate. SCFAs serve as important energy sources for the bird, contributing to
overall energy availability and nutrient utilization?!. They are absorbed by the cecal epithelium and act as energy
substrates for the bird’s metabolism. Thus, maintaining the health and balance of the cecal microbiota is crucial
for optimal nutrient absorption, gut health, and overall performance in poultry?*.

Based on previous research and understanding, we hypothesized that dietary NCG supplementation can
improve cecal morphology, microbiota composition, and hindgut SCFAs contents in broiler breeder roosters.
Therefore, the objective of this study was to assess the effects of NCG supplementation on cecal morphology,
microbiota composition, and SCFAs contents of broiler breeder roosters.

Materials and methods

Animals and experimental design

Seventy-two 11-week-old breeding chickens from Zhuanghe with large bones and similar initial weight
(1.53+0.06 kg), good appetite, good development, normal fecal morphology, and artificially reared, except for
the parasites, which should be excluded from cleaning. Grade experimental birds that did not carry serious
potential infections or parasites that severely interfered with scientific experiments and did not carry zoonoses
and infectious disease pathogens were randomly divided into two groups. Each group had 3 replicates with 12
birds per replicate. The experimental period lasted 42 days. The test animals were obtained from the Big Bone
Chicken Experimental Plant of Jinzhou Medical University. All birds underwent the same production practices
except for the dietary conditions. The dietary treatments consisted of a basal diet and a control diet (basal diet
supplemented with 0.08% NCG). The dosage of NCG was determined based on a prior study conducted by Ma
et al.”%. Research showed that supplementation with NCG significantly increased testicular weight on both sides
in roosters aged 16 weeks (p <0.05). Both sides of the testicular indices of birds aged 16 weeks were higher in
groups N1 (basal diet supplemented with 0.08% NCG) than in groups N2 (basal diet supplemented with 0.12%
NCG), N3 (basal diet supplemented with 0.16% NCG) and C (basal diet supplemented with 0% NCG) (p <0.05).
Secondary sex characteristics N1 were the most pronounced. The NCG used in this study was provided by Anhui
Pusheng Pharmaceutical Co., Ltd, Anhui, China. Throughout the experimental period, the birds had ad libitum
access to feed and water. The diets were formulated to meet the nutritional requirements recommended by the
NRC?, as presented in Table 1.

The birds were housed in a naturally ventilated room with programmable lighting. Each bird was individually
reared in an adjacent steel cage equipped with nipple drinkers and a common trough feed. The dimensions of
the steel cage were 36 x 55 x 60 cm. The average ambient temperature during the experimental period was 23 °C.
The daily photoperiod consisted of 16 h of light (from 05:00 to 21:00) with a light intensity of 5.2 Ix, followed
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Ingredients (%)

Corn 63.82
Soybean meal 16.00
Dried distiller’s grains with solubles 8.00
Wheat bran 8.00
Stone powder 1.20
Dicalcium phosphate 1.20
Baking soda 0.20
Salt 0.25
Methionine 0.09
Trytophan 0.02
Lysine 0.22
Mineral and vitamin mixture! 1.00
Total 100.00

Calculated value

Metabolism energy, MJ/kg 11.09
Crude protein, % 15.50
Calcium, % 0.75
Available phosphorus, % 0.34
Lysine, % 0.80
Methionine, % 0.25
Methionine + cysteine, % 0.61
Tryptophan, % 0.16
Crude fiber, % 3.53
Crude ash, % 6.11

Table 1. Composition and nutrient levels of the experimental basal diet, (%, as-fed basis). 'Provided per kg
of complete diet: Fe, 80 mg; Cu, 8 mg; Mn, 100 mg; Zn, 80 mg; I, 0.7 mg; Se, 0.3 mg; Vit. A, 6,500 IU; Vit.
D,, 850 IU; Vit. E, 12.5 TU; Vit. K, 0.85 mg; Vit. B, 0.7 mg; Vit. B, 4.5 mg; pantothenic acid, 9.2 mg; niacin,

28 mg; Vit. B, 2.8 mg; biotin, 0.14 mg; folic acid, 0.6 mg, Vit. B ,, 0.012 mg; choline, 950 mg.

by 8 h of darkness. All methods and procedures were approved by the Ethics Committee of Jinzhou Medical
University and conducted in accordance with the relevant guidelines formulated by the Ministry of Agriculture
of the People’s Republic of China. This study was conducted in accordance with the ARRIVE guidelines (https:
/[arriveguidelines.org).

Sample collection

On the final day, one bird was selected from each replicate cage and euthanized with 1 cc of Euthasol administered
intravenously. The cecal tissue and contents were then collected. The cecal tissue samples were cut into small
pieces, fixed with formalin, dehydrated using increasing concentrations of alcohol and xylene, and embedded
in paraffin to prepare solidified paraffin blocks. Fresh cecal contents were placed in sterile bags and duplicated,
then stored at — 20 °C until analysis.

Body weight
The body weights of the birds were evaluated for each set of replicate cages on the initial and final day of the
study.

Cecal morphology analysis

Serial tissue sections were excised using a cryostat. The samples were stained using the hematoxylin and eosin
staining protocol®” after removing any excess paraffin. Muscularis thickness and villi epithelium thickness were
measured using an optical microscope (Olympus, BX53F, Tokyo, Japan) at 10X magnification. A minimum of
ten measurements per slide were performed for each parameter, and the average values were calculated.

Cecal SCFAs contents analysis

The contents of SCFAs in the cecum were analyzed using an Agilent Technologies Inc. 7890-5977 GC/MS
(Agilent Technologies Inc., CA, USA). The data were manually processed after export from the instrument.
The SCFA content of the sample was calculated as pg/mg = (sample concentration read by the instrument x final
constant volume of the sample x the dilution factor)/the sample weight.

Cecal microbiota analysis
Total DNA was extracted from 0.5 g of cecal content using a magnetic Soil and Stool DNA kit (cat# DP712,
TIANGEN Biotech Co., Ltd., Beijing, China). The concentration and purity of the extracted DNA were
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Dietary NCG levels, %
Items, kg | 0.00 0.08

Initial
day

Final day | 2.60+0.38 | 2.67+0.24

1.52+0.04 | 1.53+0.06

Table 2. Effects of N-Carbamylglutamate (NCG) supplementation on body weight of broiler breeder roosters.

Dietary NCG levels, %
Items, pm 0.00 0.08
Muscularis thickness 274.24+31.06" | 423.73+49.16*
Villi epithelium thickness | 259.64+33.23" | 311.02+35.00°

Table 3. Effects of N-Carbamylglutamate (NCG) supplementation on cecal morphology of broiler breeder
roosters. **Different superscripts within a row indicate a significant difference (P<0.05).

determined using a Qubit 2.0 spectrophotometer (Invitrogen, Carlsbad, CA) and 1% (w/v) agarose gel
electrophoresis. The DNA samples were diluted with sterile water to a concentration of 1 ng/pL and stored
at—20 °C before analysis. The V3-V4 hypervariable regions of the extracted DNA were amplified using
quantitative PCR with specific full-length universal forward (5'-ACTCCTACGGGAGGCAGCA-3') and reverse
primers (5'-GGACTACGVGGGTVVTCTAAT-3’). The PCR products were further purified using a Qiagen Gel
Extraction Kit (cat# 28706, Qiagen, Germany). The purity of the PCR mixture was evaluated using a Qubit
2.0 dsDNA HS Assay Kit (cat# Q32854, Invitrogen). The cecal microbial community structures were analyzed
by sequencing the 16S rRNA gene on the NovaSeq 6000 platform (Illumina, San Diego, CA) at Majorbio
Co., Ltd. (Shanghai, China). Raw data were processed by cutting low-quality reads using Cutadapt software
version 1.9.1. Chimeric sequences were trimmed by alignment and detection. High-quality reads were clustered
into operational taxonomic units (OTUs) at 97% sequence identity using Uparse v7.0.1001. The taxonomic
assignment of the representative sequences was performed using QIIME v1.9.1. Alpha-diversity was estimated
using Chaol, ACE, Shannon, and Simpson indices. Beta-diversity was estimated using the P-value of Adonis
and Anosim analyses. The LEfSe analysis was conducted using LEfSe software, and the screening value (linear
discriminant analysis score; LDA) was set at 3.5.

Statistical analysis

All data were analyzed using the Student’s t-test procedure in SAS software (SAS Inst. Inc., Cary, NC, USA). The
normality of the data was assessed using the Shapiro-Wilk test and QQ plots. The replicate cage was considered
the experimental unit. Spearman analysis was used to evaluate the correlations among cecal microbiota and
cecal SCFAs content and cecal morphology as well as the correlations among cecal SCFAs content and cecal
morphology. The results were presented as means+standard deviation. A probability value below 0.05 was
considered statistically significant.

Results
Dietary supplementation of NCG had no significant effects on the body weight (Table 2).

The results of the cecal morphology analysis showed that supplementation of 0.08% NCG in the basal diet
increased (P <0.05) cecal muscularis thickness and villi epithelium thickness in Zhuanghe Dagu broiler breeder
roosters (Table 3).

In terms of cecal SCFAs contents, the supplementation of NCG led to an increase in the levels of butyric
acid in the cecum compared to the basal diet group (Table 4). This difference was also statistically significant
(P<0.05).

However, the dietary supplementation of NCG did not have a significant impact on the alpha-diversity (Table
5) and beta-diversity (Table 6) of the cecal microbiota. There were no significant differences in the number of
unique OTUs between the two groups, but there were 435 OTUs shared among both groups (Fig. 1A).

To examine the similarity or difference in sample community composition, the cecal contents of two groups
of large-boned chickens were subjected to PCoA analysis. As shown in Fig. 1B, the two groups of microflora were
obviously different and there was no intersection between them up to a certain distance, indicating that the main
components of the two groups were significantly different and the addition of NCG had a certain influence on it
the community structure of the cecum of large-boned chickens.

The predominant bacteria at the genus level in the cecal microbiota of Zhuanghe Dagu broiler breeder
roosters were Alistipes, Faecalibacterium, Barnesiella, norank_f_noranl_o_Clostridia_vadinBB60_group,
Ruminococcus_torques_group,  Bifidobacterium,  norank_f_norank_o_Clostridia_UCG-014,  Bacteroides,
unclassified_f_Lachnospiraceae, and Subdoligranulum (Fig. 1C).

Based on the LDA scores, certain taxons were identified as potential biomarkers for the cecal microbiota
of the two groups. Actinobacteriota phylum, Tannerellaceae family, Parabacteroides genus, Sellimonas genus,
Coriobacteriiia class, Coriobacteriales order, Ruminococcus_torques_group genus, and norank_f_Oscillospiraceae
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Dietary NCG levels, %
Items, pg/mg | 0.00 0.08
Acetic acid 1.08+0.05 | 0.98+0.02
Propionic acid | 0.36+0.04 | 0.39+0.07

Isobutyric
acid

Butyric acid 0.27+0.01° | 0.40+0.01°

0.04£0.00 | 0.05+0.00

Isovaleric acid | 0.05+0.00 | 0.07+0.00
Valeric acid 0.09+0.00 | 0.07+0.00

Isocaproic
acid

Caproic acid 0.04£0.00 | 0.02+0.00

0.02+0.00 | 0.02+0.00

Table 4. Effects of N-Carbamylglutamate (NCG) supplementation on cecal short-chain fatty acids contents of
broiler breeder roosters. **Different superscripts within a row indicate a significant difference (P<0.05).

Dietary NCG levels, %

Items 0.00 0.08

ACE index 430.57£28.00 | 420.34+30.20
Chaol index 429.73+32.39 | 417.98+24.29

Shannon
index

Simpson index 0.07+0.02 0.10+0.04

3.73+0.22 3.52+0.24

Table 5. Effects of N-Carbamylglutamate (NCG) supplementation on alpha-diversity of cecal microbiota of
broiler breeder roosters.

Adonis | Anosim

0.50 0.59

Table 6. The P-value of beta-diversity in cecal microbiota of broiler breeder roosters as affected by
N-Carbamylglutamate supplementation.

genus served as biomarkers for the cecal microbiota of broiler breeder roosters fed the basal diet. On the
other hand, Clostridia_UCG-014 order, Eubacterium_coprostanoligenes_group family, norank_f_Eubacterium_
coprostanoligenes_group genus, norank_f_noranl_o_Clostridia_UCG-014 genus, norank_o_Clostridia_UCG-014
family, and Tuzzerella genus served as biomarkers for the cecal microbiota of broiler breeder roosters fed the
control diet (Fig. 2).

At the genus level, there were statistical differences among the groups in terms of the abundance of certain
bacteria. The abundance of norank_f__Eubacterium_coprostanoligenes_group (P<0.05), Tuzzerella (P<0.05),
norank_f__norank_o__RF39 (P<0.05), Candidatus_Soleaferrea (P<0.05), and Gordonibacter (P<0.05) in
the cecal microbiota of broiler breeder roosters fed the basal diet supplemented with 0.08% NCG was higher
compared to the basal diet group. Conversely, the abundance of Christensenellaceae_R-7_group (P<0.05),
Butyricimonas (P<0.05), Flavonifractor (P<0.05), norank_f__Erysipelotrichaceae (P<0.05), Holdemania
(P<0.05), and unclassified_p__Firmicutes (P<0.05) in the cecal microbiota of broiler breeder roosters fed the
basal diet was lower than in the control diet (Fig. 3).

Spearman correlation analysis among cecal microbiota and cecal butyric acid content revealed that the
abundance of Tuzzerella (P<0.05), Candidatus_Soleaferrea (P<0.05), and Gordonibacter (P <0.05) positively
correlated with cecal butyric acid content, cecal muscularis thickness, and cecal villi epithelium thickness.
Moreover, the abundance of Christensenellaceae_R-7_group (P <0.05), Butyricimonas (P <0.05), Flavonifractor
(P<0.05), and Holdemania (P <0.05) negatively correlated with cecal butyric acid content and cecal muscularis
thickness. Furthermore, the content of butyric acid in cecum positively correlated to the cecal muscularis
(P<0.05) and villi epithelium thickness (P <0.05) (Table 7).

Discussion

Because of growing interest in advanced nutritional supplements and their mechanistic role in improving
animal health and performance, NCG research is part of the growing field of functional feed additives for
animal nutrition’®. NCG is inexpensive, costing only 10% of Arg, and can be frequently utilized in actual
production. NCG can enhance protein conversion rates?’, and research on broiler chickens and pigs has shown
that it can substitute for soy flour’?, which is crucial for reducing costs and boosting efficiency. NCG has
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Fig. 1. (A) Venn graph for cecal microbiota of broiler breeder roosters in different groups. (B) PCoA analysis
chart. (C) Community heatmap analysis for cecal microbiota of broiler breeder roosters on Genus level in
different groups. C was defined as the cecal microbiota from broiler breeder rooster fed with basal diet. N
was defined as the cecal microbiota from broiler breeder rooster fed with basal diet supplemented with 0.08%
N-Carbamylglutamate.
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good compatibility with existing feed formulations because it is stable under typical feed processing conditions
and does not interact negatively with common feed ingredients such as proteins, carbohydrates or minerals. Its
solubility in water allows easy integration into liquid or solid feed matrices, while its stability over a wide pH
range ensures effectiveness in various digestive environments. However, compatibility testing is recommended
to confirm that NCG maintains its bioactivity and does not degrade when exposed to high temperatures during
pelleting or extrusion processes. Overall, NCG is a useful additive for improving nitrogen utilization and
promoting animal growth in feed formulations. As reported by Hu et al.'%, dietary supplementation of NCG is
an effective measure to increase the body weight of broiler chicks. In our previous work in our research group, it
was found that weekly weight gain in the 0.08% NCG group was higher than in the basal diet group and a lower
mass-to-weight ratio than in the basal diet group. Studies have shown that broilers gain weight at different rates in
different weeks of life and that weight gain gradually slows at the growth tipping point®’. Therefore, we speculate
that the effect of NCG on body weight is also closely related to the stages associated with chicken development.
However, in our study, NCG supplementation did not exhibit a positive effect on body weight improvement and
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Fig. 2. The cladogram presenting the phylogenetic distribution of the lineages for cecal microbiota of broiler
breeder roosters in different groups. The lineages in the values of least discriminant analysis higher than 3.5
are displayed. C was defined as the cecal microbiota from broiler breeder rooster fed with basal diet. N was
defined as the cecal microbiota from broiler breeder rooster fed with basal diet supplemented with 0.08%
N-Carbamylglutamate. The different color nodes represent microbial groups that are significantly enriched
in the corresponding groups and have a significant influence on the differences between the groups. Pale
yellow nodes indicate microbial taxa that do not differ significantly in different groups or do not significantly
influence differences between groups. When the number of species with significant differences is <50, the
legend position is displayed in one column, and when the number of species with significant differences is > 50,
the legend position is displayed in two columns when the number of species with significant differences is
shown on the right.
Student’s t-test bar plot on Genus level
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Fig. 3. Statistical difference between groups analyzed by t-test on Genus level. C was defined as the cecal
microbiota from broiler breeder rooster fed with basal diet. N was defined as the cecal microbiota from
broiler breeder rooster fed with basal diet supplemented with 0.08% N-Carbamylglutamate. Note: The X-axis
represents the different groups, the boxes in different colors represent the different groups, and the Y-axis
represents the average relative abundance of a species in the different groups.
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Items Muscularis thickness, um | Villi epithelium thickness, um | Butyric acid, pg/mg
Tuzzerella 0.911+* 0.751** 0.890%**
Candidatus_Soleaferrea 0.931%* 0.744** 0.9424%*
Gordonibacter 0.867%%* 0.767** 0.815%*

Variables Christensenellaceae_R-7_group | — 0.661* -0.371 - 0.822%*
Butyricimonas -0.771** —-0.489 - 0.906***
Flavonifractor - 0.683* -0.431 - 0.8677%%
Holdemania -0.657* -0.370 - 0.794**

Short-chain fatty acids | Butyric acid, pg/mg 0.894*+* 0.670*

Table 7. Spearman correlations analysis among cecal microbiota and cecal morphology. *P<0.05; **P<0.01;
**P<0.001.

also no negative effects. Therefore, any changes observed in hindgut morphology, microbiota composition, and
fermentation parameters in response to NCG supplementation can be considered a direct consequence of NCG
intake, rather than effects induced by changes in body weight. This emphasizes the potential of NCG to influence
hindgut health independently of body weight alterations. In addition to intestinal effects, Ma et al.>! found that
adding NCG to the diet can promote ovarian angiogenesis in chickens and therefore follicular development.
Ma et al.” found that supplementation with NCG had a positive effect on the reproductive characteristics of
roosters. NCG supplementation improves the development of reproductive traits in roosters by regulating the
expression of genes in testicular tissue, thereby improving the synthesis of reproductive hormones in the body.
The intestinal microbiota-modulating properties of NCG have been widely reported in non-ruminant
animals'>!3, In this study, we also observed a regulatory effect of NCG supplementation on the cecal microbiota.
In our study, we identified the Tuzzerella genus as a biomarker for the cecal microbiota of broiler breeder roosters
fed a diet containing NCG. Tuzzerella has been found in the intestines of mice and is considered a beneficial
bacterium?. Previous research has shown a positive correlation between Tuzzerella and body weight in mice®.
Furthermore, Lo et al.?* reported that an increased abundance of Tuzzerella was beneficial in alleviating cancer.
Differential analysis of bacteria revealed that the cecal microbiota of broiler breeder roosters fed with an
NCG-containing diet showed an enrichment of Tuzzerella, Candidatus_Soleaferrea, and Gordonibacter. As
mentioned earlier, Tuzzerella may serve as a probiotic. Additionally, Zhao et al.** and Toney et al.*® considered
Gordonibacter to be a probiotic, capable of transforming dietary ellagic acid into anti-inflammatory urolithins®”.
Ability to convert polyphenols from foods into bioavailable metabolites called urolithins®®. The health effects
of urolithin (cardiovascular, anti-inflammatory and anti-cancer properties) have been confirmed by various
bioassays, and urolithin can be used in the development of functional foods and nutraceuticals®. Tang et al.*’
found that the concentration of LPC was positively correlated with Gordonibacter. In vitro and in vivo, LPC has
been shown to promote the release of pro-inflammatory cytokines and disrupt the epithelial barrier. McCurry
et al."! found that Gordonibacter pamelaeae and Eggerthella lenta converted a class of immune and metabolism-
modulating steroids into a class of sex hormones and neurosteroids by converting abundant cholecorticoids into
gestagens through 21-dehydroxylation. May affect host physiology, particularly during pregnancy and in women.
The Candidatus Soleaferrea genus has been shown to exert anti-inflammatory effects through the secretion of
metabolites and protection of intestinal homeostasis*?. Conversely, the abundance of Christensenellaceae_ R-7_
group, Butyricimonas, Flavonifractor, and Holdemania was decreased in the cecum of broiler breeder roosters
fed with an NCG-containing diet. Mao et al.** found that the Christensenellaceae_R-7_group is associated with
allergenicity. Toprak et al.** reported that Butyricimonas is a potential pathogen that can result in bacteremia.
Flavonifractor has been shown to depress Th2 immune responses in mice?* and has also been associated with
insulin resistance’. Holdemania is considered a conditional pathogen?’. Therefore, NCG supplementation is
capable of regulating the composition of the cecal microbiota, promoting the enrichment of beneficial bacteria
such as Tuzzerella, Candidatus_Soleaferrea, and Gordonibacter, while decreasing the abundance of potentially
problematic bacteria including Christensenellaceae_R-7_group, Butyricimonas, Flavonifractor, and Holdemania.
The intestinal microbiota plays a significant role in shaping intestinal morphology which is supported by
the correlation analysis conducted in this study. Dysbiosis can disrupt the barrier function, allowing harmful
substances and pathogens to penetrate the intestinal wall. This can lead to inflammation, tissue damage, and
morphological changes in the intestine*®. The thickness of the intestinal muscularis and the villi epithelium
are crucial parameters that reflect the overall structural integrity and functionality of the intestine. Adequate
muscularis thickness ensures the smooth movement of food through the intestinal tract, facilitating nutrient
uptake®®. Additionally, a healthy intestinal muscularis provides support to the intestinal lining, preventing the
entry of harmful substances into the bloodstream and minimizing the chances of inflammation or infection®. The
thickness of the villi epithelium reflects the level of cellular activity and secretory function within the intestine.
These cells are responsible for the secretion of various enzymes, mucus, and other substances that aid in the
digestion and absorption of nutrients®'. Adequate villi epithelium thickness indicates the presence of active and
functional cells that contribute to efficient nutrient processing. Reduced villi epithelium thickness may indicate
compromised digestive capacity, impaired nutrient absorption, or underlying intestinal health issues®. In this
study, we observed an increase in muscularis thickness and villi epithelium thickness in the cecum induced by
NCG supplementation. Similarly, Xu et al. reported that dietary supplementation of probiotic improved cecal
myometrial and mucosal thickness by regulating cecal microbiota. Therefore, NCG supplementation is also an
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effective measure to increase the myometrial and mucosal thickness in cecum of broiler breeder roosters, which
is attributed to the variation of cecal microbiota composition.

The mechanism by which variation in cecal microbiota affect cecal morphology involve changes in cecal
SCFAs content. Zhang et al.!® supplemented soy protein concentrate in the diet of broiler chicks and observed
an increased cecal butyric acid induced by regulating intestinal microbiota, resulting in a healthy intestinal
morphology. SCFAs are produced through the microbial fermentation of dietary fiber and other fermentable
carbohydrates in the hindgut of birds®*. Therefore, the intestinal microbiota has a significant impact on the
production of SCFAs in the intestine. Correlation analysis between cecal microbiota and cecal SCFAs contents
revealed that the production of butyric acid in cecum is closely related to the variation of cecal microbiota.
Similarly, Chen et al.>® reported a negative correlation between the abundance of Christensenellaceae_R-7_
group in the intestine and butyric acid levels. Xiao et al.>® observed that supplementation of microencapsulated
cinnamaldehyde increased the abundance of the Gordonibacter genus, which was accompanied by an increase in
butyric acid content in mouse feces. Bjerkhaug et al.*” found that patients with chronic alcohol overconsumption
had higher levels of the Holdemania genus and lower concentration and percentage of butyric acid. Therefore,
the reduction of Christensenellaceae_R-7_group, Butyricimonas, Flavonifractor, and Holdemania, as well as the
increase in Tuzzerella, Candidatus_Soleaferrea, and Gordonibacter genera induced by NCG supplementation,
may have certain effects on altering the content of butyric acid in the hindgut. Studies have found that butyric
acid is most effective against salmonella and pathogenic bacteria such as E. coli and stimulates the number of
beneficial intestinal bacteria. It is the main source of energy for colon cells and promotes the differentiation and
maturation of intestinal cells. Butyric acid promotes the absorption of sodium and water from the large intestine
and has a nutritional effect on intestinal cells*®. Sodium can promote the digestive and absorption function of
the gastrointestinal tract of animals, improve the digestibility and utilization of feed, and thus promote healthy
animal growth. butyric acid or butyrate sodium can enhance gut innate immune function through G-protein-
mediated signaling pathways while mitigating the overactive inflammatory responses by inhibiting histone
deacetylase™. Overall, butyric acid should be considered as an alternative to antibiotic growth promoters as it
reduces pathogenic bacteria and their toxins, improves intestinal health and therefore improves the digestibility
of nutrients, thereby improving the growth performance and immunity of bird®.

Liao et al.®! found that a high content of butyric acid in intestine is beneficial to optimal intestinal morphology.
Furthermore, butyric acid possesses anti-inflammatory properties and can help regulate immune responses in the
intestine, reducing inflammation and promoting a balanced immune system®. Butyric acid also contributes to
the maintenance of a favorable microbial population in the gut, supporting the growth of beneficial bacteria and
inhibiting the growth of potentially harmful pathogens®®, which is essential for nutrient digestion, absorption,
and overall gut health®. Deng et al.% also noted that dietary supplementation of xylo-oligosaccharide is able to
improve intestinal morphology by increasing the contents of butyric acid in cecum. Therefore, the improvement
in cecal morphology can be attributed to the increase in cecal butyric acid content, which is supported by the
correlation analysis conducted in this study.

Conclusion

The findings of this study revealed that NCG supplementation led to an increase in the thickness of the cecal
muscularis and the villi epithelium. These parameters are crucial indicators of the overall health and functionality
of the cecum, ensuring smooth food movement, efficient nutrient uptake, and protection against harmful
substances and inflammation.

Furthermore, NCG supplementation influenced the composition of the cecal microbiota. It resulted in the
enrichment of beneficial bacteria such as Tuzzerella, Candidatus_Soleaferrea, and Gordonibacter, while reducing
the abundance of potentially problematic bacteria including Christensenellaceae_R-7_group, Butyricimonas,
Flavonifractor, and Holdemania. This modulation of the microbiota is significant as it plays a vital role in hindgut
fermentation and the production of SCFAs. In particular, NCG supplementation increases the content of butyric
acid in the cecum, which has a positive effect on the body’s immune function and the maintenance of normal
intestinal health.

Overall, the findings suggest that dietary supplementation of NCG is an effective approach to enhance the
structural integrity, functionality, and microbial composition of the cecum in broiler breeder roosters. These
positive effects contribute to improved gut health, nutrient utilization, and overall well-being of the birds.

Data availability
The datasets generated and analysed during the current study are available in the Figshare (https://figshare.com)
repository, https://doi.org/10.6084/m9.figshare.28070726.
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