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ABSTRACT Intramuscular fat (IMF) content is a
meat quality trait of major economic importance in
animal production. Emerging evidence has demon-
strated that meat quality can be improved by regulat-
ing the gut microbiota. However, the organization and
ecological properties of the gut microbiota and its rela-
tionship with the IMF content remain unclear in chick-
ens. Here, we investigated the microbial communities
of 206 cecal samples from broilers with excellent meat
quality. We noted that the cecal microbial ecosystem
obtained from hosts reared under the same manage-
ment and dietary conditions showed clear composi-
tional stratification. Two enterotypes, in which the
ecological properties, including diversity and interac-
tion strengths, were significantly different, described
the microbial composition pattern. Compared with
enterotype 2, enterotype 1, distinguished by the Clos-
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tridia_vadinBB60_group, had a higher fat deposition,
although no discrepancy was found in growth perfor-
mance and meat yield. A moderate correlation was
observed in the IMF content between 2 muscle tissues,
despite the IMF content of thigh muscle was 42.76%
greater than that of breast muscle. Additionally, the
lower abundance of cecal vadinBE97 was related to
higher IMF levels in both muscle tissues. Although
vadinBE97 accounted for 0.40% of the total abundance
of genera in the cecum, it exhibited significant and pos-
itive correlations with other genera (accounting for
25.3% of the tested genera). Our results highlight
important insights into the cecal microbial ecosystem
and its association with meat quality. Microbial inter-
actions should be carefully considered when developing
approaches to improve the IMF content by regulating
the gut microbiota in broilers.
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INTRODUCTION

With the improvement in people’s living standards, the
demand for both meat quantity and quality increases.
The appearance, flavor, and texture of meat are essential
measures of sensory properties that influence the purchas-
ing decisions of consumers. Intramuscular fat (IMF) is
the fat that accumulates among muscle fibers or within
muscle cells. Numerous studies have suggested that IMF
content is a vital factor influencing meat quality, including
tenderness, juiciness, flavor, and color (Hocquette et al.,
2010; Sarsenbek et al., 2013; Listrat et al., 2016). Increas-
ing IMF levels can enhance the perceived texture, aro-
matic notes, and most of the characteristic flavors
responsible for the development of meat flavor. Thus,
improvement of the IMF content of livestock and poultry
meat has become one of the priorities in recent years.
The demand for chicken, the most consumed meat

across the globe, is increasing faster than that for any
other meat due to its advantages in price and nutritional
quality and few cultural or religious barriers (Mottet and
Tempio, 2017). Previous studies have investigated the
genetic basis for IMF content in chickens (Cai et al.,
2022; Cui et al., 2022). However, the IMF content has
low to moderate heritability, ranging from 0.11 to 0.16
(Chen et al., 2008; Jiang et al., 2017; Liu et al., 2019),
indicating that alternative mechanisms exist for this
trait in chickens. The gut microbiome, often referred to
as the second genome of animals, has coevolved with the
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host over thousands of years to form an intricate and
mutually beneficial relationship. The gut microbiota
makes an important contribution to host metabolism by
contributing enzymes that are not encoded by the host
genome (Nicholson et al., 2012), such as enzymes for
breaking down polysaccharides. Emerging studies have
demonstrated that the gut microbiota is a great contrib-
utor to fat deposition and meat quality in chickens. For
instance, the regulation of Clostridium butyricum
increased the fatty acid content of breast muscle
(Yang et al., 2010), and the ingestion of probiotics signif-
icantly improved meat color (Zheng et al., 2014) and fla-
vor characteristics (Wang et al., 2017). Moreover, the
propensity for adipogenesis and the properties of muscle
can be transferred from donors to recipients through
fecal microbiota transplantation (Lei et al., 2022).

A postulated mechanism underlying the interactions
between the gut microbiota and host fat metabolism
involves the production of short-chain fatty acids
(SCFAs), which are the main metabolites produced by
microbial fermentation of undigestible carbohydrates
(Frampton et al., 2020; Chen et al., 2022; Konieczka
et al., 2022). Most of these metabolites are absorbed and
utilized by the host and elicit effects on lipid metabolism
and adipose tissue at several levels (Morrison and Pres-
ton, 2016). The cecum of chickens is a major site for
microbial fermentation of dietary components. We have
recently revealed that the cecal microbiota plays an
important role in fat deposition (Wen et al., 2019).
Additionally, the cecal microbiota has been proven to be
associated with the breast muscle metabolic profile
(Feng et al., 2022). Yang et al. (2022) further confirmed
that supplementation of diets with prebiotics can alter
the global metabolome of the cecum through microbial
metabolites, including SCFAs, which significantly affect
the flavor of chicken meat. These findings suggested
that the cecal microbiota could be regulated to improve
fat deposition in muscle and thus meat quality.

The cecum is a complex ecosystem in which commen-
sals mostly evolve competitive or synergistic interactions
with each other (Wen et al., 2021). There is certainly
agreement that there are distinct microbial compositions
across individuals wherein the respective gut communi-
ties show biological differences (Costea et al., 2018). The
concept of enterotypes can help capture such differences.
The enterotype was suggested as a predicted cluster of
the gut microbiota, which describes the organization
and ecological properties of the microbial ecosystem
(Arumugam et al., 2011). Here, we compared the eco-
logical diversity of the cecal microbiota between differ-
ent enterotypes and evaluated the association of
enterotypes with host phenotypes. The main objective
of the present study was to explore the composition of
cecal microbial communities and identify the special
taxa associated with the IMF content in chickens. Our
study uncovered the composition patterns of the cecal
microbiota and improved our understanding of the rela-
tionship between the cecal microbiota and fat deposition
in muscle, thus providing important insights into
improving meat quality.
MATERIALS AND METHODS

Experimental Animals

A sire line from Guangdong Wen’s Nanfang Poultry
Breeding, Co., Ltd. (Xinxing, China) was used as the
experimental animals. This strain belonged to the yellow
feather broiler breed with slow growth and excellent
meat quality. This experiment included 206 male chick-
ens from one hatch. All chickens were raised in the same
pen on the floor under standardized conditions of a 20:4
h light:dark cycle. Water and feed were provided ad libi-
tum. Additional detailed information about the rearing
conditions and management can be found in our previ-
ous study (Wen et al., 2018). The details of the ingre-
dients of the diet have been previously described
(Wen et al., 2021). Bird handling and study protocols
were carried out in accordance with the Guide for the
Animal Care and Use Committee of China Agricultural
University (SYXK2018-0038).
Phenotype Measurements

The feed intake (FI) of each broiler was quantified
with an automatic feeder during the fast-growing period
from 56 to 76 d of age. The body weight (BW) of each
broiler at 56 and 76 d of age was measured with an elec-
tronic scale. The body weight gain (BWG) and feed
conversion ratio from 56 to 76 d of age were calculated.
To obtain morphological traits, the breast width
(BrW), fossil bone length (FBL), shank length (SL),
and shank circumference (SC) of all birds were mea-
sured. At the end of 11 wk of age, chickens were eutha-
nized by exsanguination. The serum was separated from
whole blood by centrifugation. The concentrations of tri-
glyceride (TG) and low-density lipoprotein cholesterol
(LDL-CH) in the serum were evaluated. Carcass traits,
including subcutaneous fat thickness (SFT), abdominal
fat weight, left breast weight, left leg weight, liver
weight (LiW), bile weight (BiW), and cecal length
(CL) were assessed. The percentages of abdominal fat
(AFP), single breast muscle (BMP), and single leg
(LP) were calculated. The descriptive statistics of phe-
notypic observations were described in our previous
study (Wen et al., 2018).
IMF Content Determination

After slaughter, samples of breast muscle and thigh
muscle were separately collected and stored at �20°C
for subsequent determination of the IMF content. Prior
to lipid extraction, the muscle samples were minced with
a meat grinder and dried in an oven at 65°C for 12 h and
105°C for 12 h. The dried samples were then ground
using a sample mill to generate a homogenous sample.
The IMF of the breast (IMFb) and thigh muscle
(IMFt) were extracted with anhydrous ether in a Soxh-
let extractor (Luo et al., 2022). This Soxhlet extraction
protocol was as follows: approximately 2 g samples were
placed in a porous thimble and extracted in anhydrous
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ether for 48 h within individual extraction tins. The resi-
due solvent was allowed to evaporate for an additional
20 min before being placed in an oven for 8 h at 105°C to
further remove any residual solvent. The variation in
dry sample weight before and after extraction was used
to calculate the IMF content. The formula of IMF calcu-
lation is expressed as:

IMFcontent ¼ The variation in dry sample weight before and after extraction
Dry weight of the muscle sample before extraction
16S rRNA Sequence Processing

The cecal contents were scraped with a small steel
spoon. Samples were immediately snap frozen in liquid
nitrogen and then placed at �80°C until DNA extrac-
tion. Microbial DNA was extracted from all cecal sam-
ples using a QIAamp DNA Stool Mini Kit following the
manufacturer’s protocol (QIAGEN, Hilden, Germany).
The V4 region of the 16S rRNA gene was amplified with
the unique barcoded PCR primers 520F (5’-AYTGG-
GYDTAAAGNG-3’) and 802R (5’-TACNVGGG-
TATCTAATCC-3’) and sequenced (2 £ 300 bp) on an
Illumina MiSeq (Illumina, Inc., San Diego, CA) to a tar-
get depth of 60,000 reads per sample. The obtained
sequences were processed with QIIME2 (Bolyen et al.,
2019), and amplicon sequencing variants (ASVs) were
assigned with DADA2. A phylogenetic tree was con-
structed with MAFFT and FastTree2, while taxonomic
classification was conducted using a naive Bayesian clas-
sifier pretrained using the 520F/802R primers on the
SILVA 138 database (Quast et al., 2012). Singletons
were removed for this study. Alpha diversity was mea-
sured as Shannon’s diversity and observed ASVs. The
ASV tables and taxonomic classification were then
exported for subsequent analysis.
Enterotype Classification

Enterotype analysis of cecal samples was performed
according to the partitioning around medoid-based clus-
tering protocols using Jensen‒Shannon divergence of
the normalized genus counts (Wu et al., 2011). The gen-
era that were present in more than 50% of the cecal sam-
ples were selected for enterotype clustering. Enterotype
identification was performed using the R program with
the cluster packages. The maximum number of clusters
evaluated was set at 20. The optimal number of entero-
types was identified by selecting the number that gave
the highest Calinski−Harabasz index in the clustering
model. Beta diversity at the genus level was estimated
using the Jensen‒Shannon divergence to calculate dis-
tances between the samples and visualized using princi-
pal coordinate analysis (PCoA).
Differential Analysis Between Enterotypes

The differences in alpha diversity (including Shannon
index and observed ASVs) and phenotypes between the
enterotypes were conducted by one-way analysis of vari-
ance (ANOVA) in the R program. The Wilcoxon rank-
sum test was used to determine the changes in the taxa
characteristics between enterotypes. The difference was
considered statistically significant if the adjusted P
value was less than 0.05. To determine the differences in
microbial communities among each enterotype, Spear-
man and Pearson correlations for microbial genera that
were detected in greater than 30% of individuals were
quantified using the psych package in the R program,
and P values were adjusted for FDRs using the BH
method. Before the correlation was calculated, the rela-
tive abundance of each genus was log10-transformed.
The correlation patterns were further filtered to select
only adjusted P values less than 0.05 in both the Spear-
man and Pearson correlation analyses. Correlation net-
works of specific enterotypes were then visualized by
using Cytoscape (Shannon et al., 2003).
Uncovering the IMF Content-Related
Microbiota

Pairwise phenotypic correlations among fatness traits
were evaluated using the corr.test function in R. To
identify specific taxa that were significantly associated
with the IMF level, a total of 84 genera detected in more
than 30% of cecal samples were used for the following
statistical analysis. A random-forest model (Liaw and
Wiener, 2002) was carried out based on these genera to
identify biomarkers of the IMF-related microbiota using
the randomForest Package in R. Additionally, one-way
ANOVA was used to test the difference in IMF traits
between chickens with the highest 20% (N = 41) and
lowest 20% (N = 41) abundances of specific genera.
Additionally, the Wilcoxon rank-sum test was per-
formed to determine the difference in the relative abun-
dance of each genus between the highest 20% (N = 41)
and lowest 20% (N = 41) trait-ranked chickens. A genus
was considered significant if the P values from the
ANOVA and Wilcoxon rank-sum test were all less than
0.05.
RESULTS

Microbial Characteristics of Cecal
Enterotypes

16S rRNA gene sequencing produced 11,686 features
from 206 chickens. After quality control, a total of 4,943
features were obtained and annotated to represent 154
genera by taxonomy classification. The enterotype clus-
tering and PCoA analyses showed that the microbial
communities were distinguished as 2 clusters, which we
designated ET1 and ET2 (Figure 1A). The number of
broilers associated with ET1 and ET2 was 110 and 96,
respectively. The Shannon index of ET2 was signifi-
cantly higher than that of ET1 (P < 0.01, Figure 1B).
Additionally, the average observed ASV was 247 in ET1



Figure 1. Microbial characteristics of the cecum in broilers. (A) Enterotype identification in 206 chickens using principal coordinate analysis.
The boxplots show the difference in the Shannon index (B) and observed ASVs (C) between the two cecal enterotypes. Each point represents an indi-
vidual. The center red point indicates the mean value in the corresponding enterotypes. (D) Proportions of genera characteristic of each enterotype.
Only genera with an abundance of >1.0% are presented. (E) Comparison of the relative abundance of genera between the enterotypes. (F and G)
Bacterial cooccurrence network in ET1 and ET2, respectively. The size of the nodes was proportional to the relative abundance of the genus. The
color of the nodes represents the phylum. The gray lines and blue dashed lines represent positive and negative correlations, respectively. Abbrevia-
tion: ASVs, amplicon sequencing variants.
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samples, which was significantly less than the 313 in
ET2 (P < 0.01, Figure 1C).

Proportions of the genera of each enterotype are pre-
sented in Figure 1D. The two enterotypes had similar
dominant genera. Bacteroides, Rikenellaceae_RC9_-
gut_group, and Clostridia_vadinBB60_group were the
3 most abundant genera in both enterotypes. At an
FDR of 5%, however, 4 genera with abundance greater
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than 1% differed between the 2 enterotypes (Figure 1E).
Among these, the relatively high levels of the genera
Rikenellaceae_RC9_gut_group (phylum Bacteroidota)
and Clostridia_vadinBB60_group (phylum Firmicutes)
distinguished the 2 enterotypes. The relative abundan-
ces of Rikenellaceae_RC9_gut_group and Clostridia_-
vadinBB60_group in ET1 were 12.72% and 8.10%,
whereas the 2 genera in ET2 accounted for 16.12% and
6.23% of the total abundance, respectively.

A correlation analysis of core genera was then con-
structed to explore the microbial interactions between
enterotypes. As shown in Figures 1F and 1G, the core
genera strongly correlated (that is, they co-occurred or
avoided each other) with those of other genera, suggest-
ing that the enterotypes are in fact driven by groups of
species that together contribute to the preferred commu-
nity compositions. However, the interactions in ET1
were relatively simple compared with those in ET2.
Differences in Phenotypes Between the
Cecal Enterotypes

As described by the above results, the community
properties differed between ET1 and ET2. We further
performed ANOVA on varied phenotypes between
broilers belonging to different cecal enterotypes. As
shown in Figure 2A, the IMFt and SFT exhibited signifi-
cant differences between the 2 enterotypes (P < 0.05),
although no discrepancy was found in growth perfor-
mance (including BW, BWG, FI, and FCR), yield of edi-
ble carcass meat (including BMP and LP), body size
(including BrW, FBL, SC, and SL), and organ features
(including LiW, BiW, and CL). Additionally, the differ-
ence in LDL-CH between ET1 and ET2 was close to the
significance level (P = 0.06).

We subsequently focused on fat-related traits, including
IMFt, IMFb, SFT, AFP, LDL-CH, and TC, and found
that fat deposition content (Figures 2B−2E) and blood
biochemical parameters (Figures 2F and 2G) were both
higher in the ET1 group than in the ET2 group. In partic-
ular, the IMFt content of ET1 broilers was 33.32 §
9.95 mg/g, which was much greater than that of chickens
classified as ET2, with a value of 29.50 § 7.98 mg/g
(P < 0.01, Figure 2B). These findings suggest an intimate
link between the cecal microbiota and the amount of fat
deposition in the chicken muscle and adipose tissue.
Relationships Among Fat-Related Traits

Meat from chicken is generally considered white. How-
ever, one of the important differences between chicken
breasts and thighs is their fat content. In the present
study, the IMF content of thigh muscle was 31.55 §
9.26 mg/g, which was 42.76% greater than that in breast
muscle at 22.10 § 5.24 mg/g (P < 0.01). The phenotypic
correlations among fat-related traits are presented in
Figure 3. A moderate and positive correlation (r = 0.37,
P < 0.01) was found in the IMF content between breast
muscle and thigh muscle, indicating that improvement
in the IMF content and probably meat quality in breast
and thigh could be simultaneously targeted in broilers.
The relationships between SFT and AFP, AFP and
LDL-CH, and LDL-CH and TG were 0.23, �0.21, and
0.28, respectively. The IMF content of both muscle
tissues was not significantly associated with 2 adipose
tissues (AFP and SFT) or blood biochemical parameters
(LDL-CH and TG), suggesting that IMF deposition was
not associated with the amount of adipose tissue.
IMF-Related Microbiota and Their
Characteristics

To identify potential IMF-related cecal taxa across
both muscle tissues, we first chose random forest models
to identify the genera that were the best predictors of
IMFt and IMFb. As indicated in Figure 4A, vadinBE97,
Escherichia-Shigella, [Ruminococcus]_torques_group,
and Lactobacillus were found to be important genera
with the greatest effect on predicting the IMF content of
the thigh. The top 4 IMFb-related signature genera were
vadinBE97, [Ruminococcus]_torques_group, Mucispir-
illum, and Subdoligranulum (Figure 4B). Notably, the
genera vadinBE97 and [Ruminococcus]_torques_group
were observed in both random forest analyses.
To further confirm the above results, all the broilers

were successively ranked by the value of IMF traits or
the relative abundance of prevalent genera, and the
highest and lowest 20% of chickens for each ranking
were selected for subsequent statistical tests. As shown
in Figure 4C, nine and four genera had significantly dif-
ferent abundances between the highest and lowest IMFt
or IMFb groups by the Wilcoxon rank-sum test, respec-
tively. We then performed ANOVA to detect the differ-
ence in IMF phenotypes between the chickens with the
highest and lowest abundances of each genus. Three and
3 signature genera were found to be associated with the
IMFt and IMFb contents, respectively. Among these,
the genus vadinBE97 was observed in all 4 significance
tests (Figure 4C and Supplemental Table S1).
The genus vadinBE97 belongs to the phylum Verruco-

microbiota and accounted for 0.40% of the total abun-
dance of genera in the cecum. Compared with the
chickens with the highest abundance of cecal
vadinBE97, the IMF level in both muscle tissues was sig-
nificantly higher in the chickens with the lowest abun-
dance (P < 0.01, Figures 4D and 4E). Notably, there
were no significant differences in AFP, SFT, LDL-CH
and TG between the 2 groups (P > 0.05). We subse-
quently focused on the relationship between vadinBE97
and other genera. Of the 83 prevalent genera, we found
that 21 genera exhibited significant and positive correla-
tions with vadinBE97 (Figure 5 and Supplemental
Table S2). In particular, 5 and 12 genera belonged to the
phyla Verrucomicrobiota and Firmicutes, which
accounted for 100% (5/5) and 25% (12/48) of the tested
genera, respectively. These findings indicated that
vadinBE97 engages in a considerable number of interac-
tions with other genera.



Figure 2. Comparison of phenotypes between cecal enterotypes. (A) P values obtained from ANOVA for each trait between the two cecal enter-
otypes. The horizontal red and green lines indicate significance (P = 0.05) and suggestive significance thresholds (P = 0.10). Abbreviations: BW56
and BW76, body weight at 56 and 76 d of age, respectively; BWG, body weight gain; FI, feed intake; FCR, feed conversion ratio; BMP, LP and
AFP, the percentage of single breast muscle, single leg and abdominal fat, respectively; IMFb and IMFt, the intramuscular fat content of the breast
and thigh muscle, respectively; SFT, subcutaneous fat thickness; LDL-CH and TG, the concentrations of low-density lipoprotein cholesterol and
triglyceride in the serum, respectively; LiW and BiW, liver weight and bile weight, respectively; CL, cecal length. BrW, breast width; FBL, fossil
bone length; SL, shank length; SC, shank circumference. (B−G) The boxplots show the differences in fat-related traits and blood biochemical param-
eters. Each point represents an individual. The center red point indicates the mean value in the corresponding enterotypes, and the data are
expressed as the means § SDs.
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DISCUSSION

It is generally accepted that a higher IMF content has
a positive effect on the sensory quality of meat. Growing
evidence regarding the gut-muscle axis has indicated
that muscle metabolism can be improved by regulating
the gut microbiota (Frampton et al., 2020). The cecal
microbiota is recognized as a strong determinant of host
physiology and metabolism and has attracted extensive
attention in chickens. However, the organization and
ecological properties of the microbial ecosystem remain
underinvestigated. In this study, two dominant entero-
types for the cecal microbiota were identified. To the
best of our knowledge, this is the first enterotype-like



Figure 3. Relationships among fat-related traits and blood biochemical parameters. Estimates of Pearson correlations are shown above the
diagonal. ** indicates P < 0.01. Scatter plots with trend lines and 95% confidence intervals for the phenotype value between two traits are shown
below the diagonal. The diagonal shows the density plot of each trait.
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clustering analysis of the cecum of chickens. The
observed microbial differences between enterotypes sup-
port the notion that they have varying community prop-
erties, such as diversity and interaction strengths.
Moreover, fat-related microbial compositional differen-
ces within the cecum suggest that the cecal microbiota is
possibly associated with the IMF content in broilers. We
further identified the genus vadinBE97, which was sig-
nificantly correlated with the IMF content of both thigh
and breast muscle in chickens. Specifically, the lower
abundance of cecal vadinBE97 was related to a higher
IMF content in both muscle tissues. These results sug-
gest the potential for the application of the gut-muscle
axis in the regulation of IMF content in chickens.

The amount of IMF varies between muscle types. The
breast and thigh muscles are the 2 largest proportions of
edible carcass on chickens (Mai et al., 2021). The total
lipid content of thigh muscle is higher than that of
breast muscle (Pikul et al., 1985; Milicevic et al., 2014;
Mahiza et al., 2021), although their shape can be slightly
similar. In our study, the IMF content of thigh muscle
was 42.76% greater than that of breast muscle, which is
consistent with the results of a study on a commercial
breed (Crespo and Esteve-Garcia, 2001). A moderate
correlation was found in the IMF content between the 2
muscle tissues, while the relationship of the IMF content
with adipose tissues was negligible. Similarly,
Zerehdaran et al. (2004) found that the correlation
between IMF and abdominal fat and skin weight was
close to zero. A major reason for this is that the composi-
tions of fat are different among tissues. The abdominal
and subcutaneous fat had very similar fatty acid pat-
terns and differed significantly from the composition of
the fat extracted from the breast and thigh
(Hrdinka et al., 1996; Crespo and Esteve-Garcia, 2001).
These findings suggested that the improvement in IMF
would not result in high accumulation of adipose tissues
with little economic value.



Figure 4. Identification of IMF-related bacteria. IMF-related microbiota identified by a random forest regression model. The variable impor-
tance based on the prevalent genus (prevalence > 30%) by random forest for prediction of the IMF content of thigh (A) and breast (B). (C) P values
for the Wilcoxon rank-sum test (outer circle) and ANOVA (inner circle). The P values for the significance test are plotted as -log2(P). The dashed
red line shows the significance threshold (P = 0.05). Each point represents a genus, and the red point indicates that the P value passed the signifi-
cance threshold. The dashed gray line indicates that the P values from the Wilcoxon rank-sum test and ANOVA are both less than 0.05. (D and E)
Difference in the IMF content of thigh and breast between the chickens with the highest and lowest abundance of cecal vadinBE97, respectively.
Each point represents an individual. The center red point indicates the mean value in the corresponding group, and the data are expressed as the
means § SDs.
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As a complex trait, IMF is influenced by various fac-
tors, including host genetics (Chen et al., 2008;
Luo et al., 2022) and diet (Ma et al., 2015). In recent
years, growing evidence has indicated that skeletal mus-
cle properties, including lipid metabolism, are closely
linked to the gut microbiota (Frampton et al., 2020).
Considering the importance and complexity of the gut
ecosystem, there is great interest in identifying patterns
of microbial composition, as they may help us assess the
importance of the function and ecology of the gut micro-
biome. The enterotype summarizes the microbial char-
acteristics using mathematical methods, which have
been deeply investigated in humans (Arumugam et al.,
2011; Wu et al., 2011; Costea et al., 2018). The analysis
of public datasets spanning several nations and conti-
nents reveals that human gut communities are generally
classified into 3 enterotypes, which are significantly asso-
ciated with the health status of individuals
(Arumugam et al., 2011). Several associations between
enterotypes and animal production have also been
reported, although the gut composition of these animals
is distinct from that of humans. For example, the cluster
classification of the pig microbiota was significantly
associated with porcine growth traits (Ramayo-
Caldas et al., 2016). Guo et al. (2021) found that the
enterotype of yaks plays a key role in mediating nutri-
tional homeostasis at high altitudes. In chickens, duode-
nal enterotypes have been found to be linked to fat
deposition (Yuan et al., 2020). Thus, analysis of whole
community organization is an important frontier in the
life sciences.
To better understand the contribution of the cecal

ecosystem to hosts, we examined the possibility of defin-
ing enterotypes and their relationship with phenotypes.
Analysis of 206 cecal samples of broilers revealed that
individuals could be classified into 2 enterotypes



Figure 5. Spearman correlation between vadinBE97 and other prevalent genera. The size and shape of the points represent the relative abun-
dance and significance level, respectively. The green and orange points indicate positive and negative correlations, respectively. Gray circles indicate
the scale of correlation from 0 to 0.9. The red lines indicate that the genera are significantly correlated with vadinBE97.

CECAL ECOSYSTEM AND INTRAMUSCULAR FAT 9
distinguished by Clostridia_vadinBB60_group (ET1)
and Rikenellaceae_RC9_gut_group (ET2). Clostridia-
les_vadinBB60_group is considered an SCFA-produc-
ing bacterial group (Zhang et al., 2022) and is positively
correlated with feed efficiency (Mccormack et al., 2017).
Lin et al. (2016) observed that an unclassified Clostri-
diales_vadinBB60_group was increased in relative
abundance in rats fed a high-fat diet for 4 wk, that is,
during the preobesity state, indicating its possible role
in metabolism. In our study, broilers associated with
ET1 had a higher IMF content and SFT than those asso-
ciated with ET2, although the alpha diversity and eco-
logical community interactions were higher in ET2
individuals. These findings allow us to foresee that
microbial ecosystems may be relevant for farm animal
production.

Host microbial ecosystems are vastly complex, and
many different bacteria occur, each with the potential
to interact with the host by modulating metabolism
(Foster et al., 2017). Thus, we further investigated
which bacteria play crucial roles in IMF deposition.
The most notable difference in relative abundance
across IMF-ranked broilers occurred for members of
vadinBE97. The lower abundance of cecal vadinBE97
was linked with a higher IMF content of both breast
and thigh muscles, whereas no significant association
was found between vadinBE97 and adipose tissues.
These findings corroborated our aforementioned
results regarding approaches to improving the IMF
content by regulating the gut microbiota without
affecting the accumulation of adipose tissues.
Although the actual roles of the genus vadinBE97 in
IMF deposition are largely unknown, a recent study in
yaks found that an unclassified genus belonging to the
vadinBE97 family was positively correlated with the
SCFAs of rumen fluid and the IMF content (Du et al.,
2021), suggesting that vadinBE97 may regulate IMF
deposition by affecting the concentration of SCFAs.
The differentially abundant cecal taxa identified could
potentially be exploited as biomarkers for IMF con-
tent. However, additional research is needed to investi-
gate the reliability of the IMF-associated microbial
taxa identified here, that is, across batches of broilers
or rearing environments.
Additionally, vadinBE97 is part of the ecosystem and

has the potential to exert diverse effects on neighboring
bacteria, despite presenting at low relative abundances.
The repurposing of communities from individual micro-
biota to microecological systems will provide a more
comprehensive view to understand and study the poten-
tial interplay between the microbiota and host. There-
fore, community ecology and potential microbial
interactions must be carefully considered when develop-
ing approaches to improve the IMF content by regulat-
ing the cecal microbiota.
In conclusion, this study has clearly described the eco-

logical properties of the cecum in broilers and provided
evidence on the existence of links between the cecal
microbial communities and the IMF content. Broilers
could be classified into 2 enterotypes, in which fat deposi-
tion was significantly different. The improvement in IMF
would not result in high accumulation of adipose tissues.
It should be noted that the IMF-associated compositional
differences were relatively subtle, presenting interplay
with neighboring bacteria. Nonetheless, the differentially
abundant cecal taxa identified could potentially be
exploited as biomarkers for IMF. Specifically, a lower rel-
ative abundance of the genus vadinBE97 was found in
broilers that had a higher IMF content in breast and
thigh muscle tissues. Although the results provide poten-
tial possibilities for manipulating the meat quality prop-
erties of broilers by modulating the gut microbiota,
intervention studies are required to confirm the insights
provided to improve meat quality in the future.
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