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Abstract 

Background Intestinal inflammation has become a threatening concern in chicken production worldwide and is 
closely associated with Th17/Treg cell imbalance. Several studies described that gut microbiota is significantly impli-
cated in chicken growth by modulating intestinal immune homeostasis and immune cell differentiation. Whether 
reshaping gut microbiota by fecal microbiota transplantation (FMT) could improve chicken growth by balancing 
Th17/Treg cells is an interesting question.

Results Here, the chickens with significantly different body weight from three different breeds (Turpan cockfight-
ing × White Leghorn chickens, white feather chickens, and yellow feather chickens) were used to compare Th17 and 
Treg cells. qPCR and IHC staining results indicated that Th17 cell-associated transcriptional factors Stat3 and rorγt and 
cytokines IL-6, IL-17A, and IL-21 were significantly (P < 0.05) higher in the jejunum of low body weight chickens, while 
Treg cell-associated transcriptional factor foxp3 and cytokines TGF-β and IL-10 were significantly (P < 0.05) lower in the 
jejunum of low body weight chickens, indicating imbalanced Th17/Treg cells were closely related to chicken growth 
performance. Transferring fecal microbiota from the healthy donor with better growth performance and abundant 
Lactobacillus in feces to 1-day-old chicks markedly increased growth performance (P < 0.001), significantly decreased 
Th17 cell-associated transcriptional factors and cytokines, and increased Treg cell-associated transcriptional factors 
and cytokines in the jejunum (P < 0.05). Furthermore, FMT increased the abundance of Lactobacillus (FMT vs Con; 
84.98% vs 66.94%). Besides, the metabolites of tryptophan including serotonin, indole, and 5-methoxyindoleacetate 
were increased as well, which activated their receptor aryl-hydrocarbon-receptor (AhR) and expressed more CYP1A2 
and IL-22 to maintain Th17/Treg cell balance and immune homeostasis.

Conclusion These findings suggested that imbalanced Th17/Treg cells decreased chicken growth performance, 
while FMT-reshaped gut microbiota, i.e., higher Lactobacilli, increased chicken growth performance by balancing 
Th17/Treg cells.
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Introduction
Chronic intestinal inflammation decreases feed intake 
and nutrient digestion and absorption and dysregulates 
the commensal balance, barrier permeability, mucosal 
structural physiology, immune response, and homeo-
stasis, resulting in a decline in chicken growth perfor-
mance [1–3]. How to decrease intestinal inflammation 
and improve chicken growth performance has become 
a special concern in chicken production worldwide 
[4]. There are many immune cells in the intestine such 
as helper T (Th) cells and regulatory T (Treg) cells, which 
work together to keep the balance of immune response. 
Otherwise, breaking this balance will result in intestinal 
inflammation [5]. Intestinal immune cells produced more 
pro-inflammatory cytokines, i.e., interleukin (IL)-6 and 
IL-1β, and less anti-inflammatory cytokines, i.e., IL-10 
and transforming growth factor-β (TGF-β) in the chicken 
intestine during chronic intestinal inflammation [6–8]. 
Other studies indicated that pro-inflammatory cytokines 
were mainly produced by Th cells, especially Th17 cells, 
while anti-inflammatory cytokines were mainly produced 
by Treg cells [9, 10]. Furthermore, it has been established 
that chronic intestinal inflammation is closely associ-
ated with the imbalanced Th17 and Treg cells through 
critical transcriptional factors such as retinoid-related 
orphan receptor gamma t (rorγt) and forkhead box P3 
(foxp3) and key cytokines such as IL-6, IL-1β, IL-17A, IL-
17F, IL-21, IL-10, and TGF-β [11–13]. For example, IL-6 
causes signal transducer and activator of transcription 
3 (Stat3) phosphorylation, induces rorγt, and promotes 
Th17 cell differentiation through IL-23R-dependent 
Stat3 signaling, which exacerbates intestinal inflamma-
tion [14, 15]. Chronic intestinal inflammation-mediated 
IL-1β secretion also promotes Th17 cell accumulation, 
which produces IL-17A and IL-17F and worsens intesti-
nal inflammation [16]. Likewise, IL-21 also depends on 
the Stat3 signaling for Th17 cell differentiation and also 
inhibits Treg cells’ functions, thus facilitating Th17 cell 
differentiation in intestinal inflammation [15, 17]. On 
the other hand, TGF-β stimulates naive  CD4+ T cells and 
induces the activation of foxp3 transcription, which sub-
sequently facilitates Treg cell differentiation that inhib-
its other T-cell activation and controls inflammation by 
regulating immune response [14, 18]. In our previous 
research work, the inflammation levels in the duodenum, 
jejunum, ileum, and cecum between high body weight 
and low body weight chickens were compared, and we 
found that the inflammation level in the jejunum is sig-
nificantly different with higher expression of IL-10, IL-4, 
TGF-β, and lower expression of IL-1β, IFN-γ, and TNF-
α in high body weight chickens (unpublished data), sug-
gesting that decreased inflammation level in the jejunum 
by increasing Treg cell-associated cytokines is closely 

related to chicken growth performance. Besides, jeju-
num has unique features with the largest surface area 
for efficient nutrient absorption/intake; if inflammation 
destroyed its structure, the growth performance would 
substantially be affected [2]. Therefore, balancing Th17/
Treg cells in jejunum is critical for improving chicken 
growth performance.

Gut microbiota is closely related to intestinal immune 
homeostasis and significantly contributes to prevent-
ing intestinal inflammation [19, 20]. Further studies 
indicated that gut microbiota could regulate immune 
homeostasis by balancing Th17/Treg cells [21, 22]. For 
instance, Bacteroides fragilis and Bifidobacterium infan-
tis trigger Treg cells by increasing foxp3 expression [14, 
23], and Lactobacillus plantarum regulates Th17/Treg 
cell balance in the immunosuppressed mice [24], main-
taining host intestinal homeostasis. It has been reported 
that fecal microbial transplantation (FMT) is an effec-
tive way to reshape gut microbiota [25]. For instance, 
FMT could enhance microbial diversity and richness 
[26] and improve chicken growth performance [27]. It 
has also been reported that established gut microbiota 
could improve chicken growth performance by mitigat-
ing intestinal inflammation [2]. Therefore, whether FMT 
could improve chicken growth performance by balancing 
Th17/Treg cells has become an interesting question.

To answer this question, firstly, the chickens with sig-
nificantly different growth performance from three dif-
ferent chicken breeds (Turpan cockfighting × White 
Leghorn chickens, white feather chickens, and yellow 
feather chickens) were used in the current study to elu-
cidate the association of decreased growth performance 
with imbalanced Th17/Treg cells. Secondly, to verify 
whether early colonization of gut microbiota could 
improve growth performance by maintaining Th17/
Treg cell balance, transplanting fecal microbiota from 
healthy donor chickens with better growth performance 
to 1-day-old chicks was accomplished. In addition, how 
FMT improved growth performance by balancing Th17/
Treg cells was investigated as well.

Results
The growth performance of high and low body weight 
chickens was significantly different
In the present study, three different chicken breeds 
(Turpan cockfighting × White Leghorn chickens, white 
feather chickens, and yellow feather chickens) were used 
to get the individuals with significantly different growth 
performances, respectively. The body weight (P < 0.0001), 
leg muscle weight (P < 0.01), and breast muscle weight 
(P < 0.01) were significantly higher in high body weight 
groups than that in low body weight groups in all three 
breeds (Fig.  1A). Furthermore, hematoxylin and eosin 
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(HE) staining results showed that the single leg (P < 0.01) 
and breast (P < 0.0001) muscle cell’s cross-sectional 
area was significantly larger in high body weight group 
compared with the low body weight group in all three 
breeds (Fig.  1B). These results indicated that chickens 
of three different breeds grown under the similar rear-
ing conditions exhibited significantly differential growth 
performance.

Imbalanced Th17/Treg cells significantly decreased chicken 
growth performance
An imbalance of immune cells usually leads to intesti-
nal inflammatory disease, which reduces growth per-
formance [28]. Th17 and Treg cells are very important 
immune cells in the intestine. Therefore, the transcrip-
tional factors and cytokines associated with Th17 and 

Treg cells in jejunum were compared between high and 
low body weight chickens. At the mRNA level, the rela-
tive expressions of Th17 cell-associated retinoid-related 
orphan receptor gamma t (rorγt); interleukin (IL)-6, IL-
17A, and IL-21; and signal transduction and activators 
of transcription 3 (Stat3) were significantly (P < 0.05) 
higher in low body weight group compared with high 
body weight group (Fig.  2A). However, the relative 
mRNA expressions of Treg cell-associated forkhead 
box P3 (foxp3), transforming growth factor-β (TGF-β) 
and interleukin-10 (IL-10), were significantly (P < 0.05) 
lower in low body weight group than that in high 
body weight group (Fig.  2B). At the protein level, the 
expression of rorγt was significantly (P < 0.001) higher 
(Fig.  2C), yet the expression of foxp3 was significantly 
(P < 0.01) lower (Fig.  2D) in low body weight chickens 
of all three breeds. The above results indicated that the 

Fig. 1 Differences in growth performance between high and low body weight chickens from three different breeds (Turpan cockfighting × White 
Leghorn chickens, white feather chickens, and yellow feather chickens). All chickens from three different breeds (Turpan cockfighting × White 
Leghorn chickens, white feather chickens, and yellow feather chickens) were grown for 6 weeks. A The comparison of body weight, leg muscle 
weight, and breast muscle weight between high and low body weight chickens. B The comparison of the single leg and breast muscle cell’s 
cross-sectional area between high and low body weight chickens (H & E staining). Scale bars, 100 μm. Data are shown as mean ± SEM. *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001. H, high body weight group (n = 10); L, low body weight group (n = 10)
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increased Th17 cells and decreased Treg cells reduced 
chicken growth performance.

Fecal microbiota transplantation could significantly 
improve chicken growth performance and balance Th17/
Treg cells
In order to investigate whether reshaping gut microbiota 
could improve chicken growth performance by balanc-
ing Th17/Treg cells, fecal microbiota transplantation 
(FMT) experiments were conducted. The results showed 
that the body weight (FMT vs Con, 627.40 ± 7.35  g vs 
567.30 ± 3.89  g, P < 0.0001), leg muscle weight (FMT 
vs Con, 41.33 ± 0.55  g vs 37.07 ± 0.66  g, P < 0.001), and 
breast muscle weight (FMT vs Con, 61.23 ± 1.68  g vs 
51.44 ± 1.50  g, P < 0.01) were significantly higher in 
FMT group compared with the control group (Fig. 3A). 
The jejunum length (FMT vs Con, 745.3 ± 32.79  cm vs 
650.9 ± 22.17  cm) of the FMT group was also observed 
significantly (P < 0.05) longer than that of the control 
group (Fig.  3A). HE staining results indicated that the 
length of jejunal villi (FMT vs Con, 1499 ± 26.87  μm vs 
853.6 ± 58.82  μm, P < 0.0001) was significantly larger in 
FMT group compared with the control group (Fig.  3B), 
and the mean cross-sectional area of single leg muscle 
cell (FMT vs Con, 48.45 ± 2.92 μm2 vs 29.99 ± 1.66 μm2, 
P < 0.0001) and single breast muscle cell (FMT vs Con, 
25.99 ± 0.69 μm2 vs 19.37 ± 0.31 μm2, P < 0.0001) was also 
significantly larger in FMT group (Fig. 3C). Furthermore, 
the relative mRNA expression of Treg cell-related tran-
scriptional factors and cytokines such as foxp3 (FMT vs 
Con, 1.41 ± 0.27 vs 0.79 ± 0.07, P < 0.05), TGF-β (FMT 
vs Con, 1.22 ± 0.24 vs 0.64 ± 0.073, P < 0.05), and IL-10 
(FMT vs Con, 1.46 ± 0.27 vs 0.58 ± 0.17, P < 0.05) was 
significantly higher in FMT group (Fig. 3D), while Th17 
cell-associated transcriptional factors and cytokines such 
as rorγt (FMT vs Con, 0.82 ± 0.14 vs 1.87 ± 0.20, P < 0.01), 
Stat3 (FMT vs Con, 0.84 ± 0.12 vs 1.53 ± 0.26, P < 0.05), 
IL-6 (FMT vs Con, 0.66 ± 0.13 vs 1.62 ± 0.39, P < 0.05), IL-
17A (FMT vs Con, 0.78 ± 0.11 vs 2.16 ± 0.54, P < 0.05), and 
IL-21 (FMT vs Con, 0.85 ± 0.10 vs 1.136 ± 0.05, P < 0.05) 
were significantly lower in FMT group (Fig. 3E). Moreo-
ver, at protein level, IHC results indicated that the expres-
sion of foxp3 (FMT vs Con, 290.60 ± 2.05 vs 98.33 ± 14.30, 
P < 0.001) was significantly higher in FMT group, while 

the expression of rorγt (FMT vs Con, 117.70 ± 23.38 vs 
557.00 ± 34.50, P < 0.001) was significantly lower in FMT 
group (Fig.  3F). The above results indicated that FMT 
could significantly improve chicken growth performance 
and decrease Th17 cells yet increase Treg cells in the 
jejunum.

Fecal microbiota transplantation significantly increased 
the abundance of Lactobacillus in the jejunum
To elucidate whether FMT improved chicken growth 
performance and balanced Th17/Treg cells by reshap-
ing gut microbiota, 16S rRNA gene sequencing was con-
ducted to compare the bacterial community composition 
in the jejunal contents of the FMT and control groups. 
The microbial diversity (Shannon index) was prominently 
lower, although non-significant in FMT group (Fig. 4A). 
However, the microbial abundance (Chao index) was sig-
nificantly (P < 0.01) lower in the FMT group compared 
with the control group (Fig.  4B), indicating that micro-
biota transplantation might have distinctly altered the 
microbial community diversity. At the genus level, the 
relative abundance of Lactobacillus was higher in the 
FMT group (FMT vs Con, 84.98% vs 66.94%), while the 
relative abundance of opportunistic pathogens, i.e., Ente-
rococcus (FMT vs Con, 4.42% vs 19.42%) and Strepto-
coccus (FMT vs Con, 1.53% vs 4.58%), was lower in the 
FMT group compared with the control group (Fig. 4C). 
Furthermore, differential analysis of bacterial communi-
ties at the genus level, i.e., the linear discriminant analy-
sis effect size (LEfSe), showed that the relative abundance 
of some bacteria such as Lactobacillus, Gardnerella, and 
g_norank_f_Actinomycetaceae was higher in the FMT 
group, while the relative abundance of some opportun-
istic pathogenic bacteria such as Enterococcus and Strep-
tococcus was higher in the control group compared with 
the FMT group (Fig.  4D). The sequencing results indi-
cated that FMT increased the abundance of Lactobacillus 
while reduced the abundance of opportunistic patho-
genic bacteria.

Increased Lactobacillus produced more metabolites 
in the tryptophan signal pathway
It has been established that Lactobacillus improves 
chicken growth performance by producing special 

Fig. 2 Comparison of Th17/Treg cell-associated transcriptional factors and cytokine’s expression in jejunum between high and low body weight 
chickens from three different breeds (Turpan cockfighting × White Leghorn chickens, white feather chickens, and yellow feather chickens). A The 
comparison of relative mRNA expressions of Th17 cell-related transcriptional factors and cytokines in the jejunum of low and high body weight 
chickens (qPCR). B The comparison of relative mRNA expressions of Treg cell-related transcriptional factors and cytokines in the jejunum of low 
and high body weight chickens (qPCR). C The comparison of protein expression levels of rorγt in the jejunum low and high body weight chickens 
(immunohistochemical staining). D The comparison of protein expression levels of foxp3 in the jejunum of low and high body weight chickens 
(immunohistochemical staining). Scale bars, 100 μm. Data are shown as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. IOD, integrated 
optical density; H, high body weight group (n = 10); L, low body weight group (n = 10)

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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metabolites. Liquid chromatography-tandem mass 
spectrometry (LC–MS) was performed to compare 
the metabolite enrichments in jejunal content between 
the FMT and control groups. The partial least-squares 
discrimination analysis (PLS-DA) model showed a sig-
nificant separation in the metabolites between the two 
groups (Q2 > 0.5) (Fig.  5A). Among the top 40 promi-
nently (P < 0.05) different metabolites based on the 
variable importance in the projection (VIP > 1), tryp-
tophan and its three major tryptophan metabolites 
including serotonin, indole, and 5-methoxyindoleac-
etate were significantly (P < 0.05) enriched in the jeju-
nal contents of FMT group (Fig. 5B). KEGG functional 
analysis further indicated that tryptophan metabolism 
pathway has significantly (P < 0.0001) higher enrich-
ment and impact compared with the benzoxazinoid 
biosynthesis, zeatin biosynthesis, biotin metabolism, 
and glucosinolate biosynthesis pathways (Fig.  5C). 
As tryptophan metabolite receptor, aryl hydrocarbon 
receptor (AhR) signaling pathway, is implicated in ame-
liorating intestinal inflammation through balancing 
Th17/Treg cells, so we examined the expression levels 
of AhR receptor and its response genes cytochrome 
P450, family 1, subfamily A, polypeptide 2 (CYP1A2), 
and IL-22 in the jejunum of both groups. We found 
that the relative mRNA expressions of AhR (FMT 
vs Con, 1.75 ± 0.22 vs 0.91 ± 0.09, P < 0.01), CYP1A2 
(FMT vs Con, 2.66 ± 0.50 vs 0.54 ± 0.13, P < 0.01), and 
IL-22 (FMT vs Con, 2.09 ± 0.39 vs 0.97 ± 0.18, P < 0.05) 
were significantly higher in the FMT group compared 
with the control group (Fig. 5D). Similarly, IHC results 
showed that the protein expression of AhR (FMT vs 
Con, 230.30 ± 28.87 vs 85.33 ± 2.91, P < 0.01) was also 
significantly higher in the FMT group (Fig. 5E). Spear-
man correlation analysis indicated that the relative 
abundance of Lactobacillus was positively correlated 
with serotonin, indole, and 5-methoxyindoleacetate 
(P < 0.05) (Fig.  5F). These results indicated that a 
higher Lactobacillus abundance promoted tryptophan 
metabolism and regulated intestinal metabolites by 
modulating AhR metabolic pathway, which in turn 
could maintain Th17/Treg cell balance in the jejunum 
of FMT chickens.

Increased metabolites in the tryptophan signal pathway 
were closely related to the balance of Th17/Treg cells
Spearman correlation analysis was used to investigate 
the relationship between tryptophan metabolites, jejunal 
microbiota, Th17/Treg-related transcriptional factors, 
and cytokines and growth performance. The analysis 
showed that the relative abundance of Lactobacillus, ser-
otonin, indole, and 5-methoxyindoleacetate tryptophan 
metabolites was positively correlated with growth perfor-
mance and Treg cell-related transcriptional factors and 
cytokines such as foxp3, IL-10, and TGF-β (Fig. 6) while 
negatively correlated with Th17 cell-related transcrip-
tional factors and cytokines such as rorγt, Stat3, IL-6, IL-
17A, and IL-21 (Fig. 6). On the other hand, Enterococcus 
and Streptococcus, the opportunistic pathogenic bacteria, 
were negatively correlated with growth performance as 
well as Treg cell-associated transcriptional factors and 
cytokines and positively correlated with Th17 cell-related 
transcriptional factors and cytokines (Fig. 6).

Discussion
Th17 and Treg cells are differentiated from  CD4+ T cells 
and are synergistically implicated in gut immunological 
functions [29]. It has been established that Th17/Treg 
cell balance is crucial in maintaining intestinal immune 
homeostasis because Th17 cells are often implicated in 
autoimmunity/inflammation, whereas Treg cells work 
reciprocally [22, 29]. Altering Th17 and/or Treg cell dif-
ferentiation leads to the perturbative intestinal homeosta-
sis, which is attributed to the imbalanced Th17/Treg cells 
[30]. Another study reported that pathogenic Th17 cells 
suppress Treg generation and contribute to the develop-
ment of inflammation [31]. Thus, imbalanced Th17/Treg 
cells augment the intensity of systemic inflammation, 
which impairs nutrient digestion and absorption, causing 
a reduction in chicken body weight gain [11, 32]. Scien-
tists found that IL-6-mediated Stat3 acts as an essential 
transcription factor for the differentiation of Th17 cells 
by inducing nuclear receptor, rorγt [33], whereas TGF-
β stimulates foxp3 transcription, which subsequently 
promotes Treg cell differentiation [18]. Elevated Th17 
cells are associated with the pathogenesis of inflamma-
tory bowel disease (IBD) and colitis through expressing 
rorγt, IL-17A, IL-17F, and IL-21 in the inflamed mucosa 

(See figure on next page.)
Fig. 3 Effects of fecal microbiota transplantation (FMT) on growth performance and Th17/Treg cell-related factors in the jejunum of chickens. A The 
comparison of body weight, leg muscle weight, breast muscle weight, and jejunum length between the FMT and control groups. B The comparison 
of length of jejunal villus between the FMT and control groups (H & E staining). Scale bars, 500 μm. C The comparison of single leg and breast 
muscle cell’s cross-sectional area between the FMT and control groups (H & E staining). Scale bars, 100 μm. D The comparison of relative mRNA 
expression of Treg cell-related factors in the jejunum of FMT and control groups (qPCR). E The comparison of relative mRNA expression of Th17 
cell-related factors in the jejunum of FMT and control groups (qPCR). F The comparison of protein expression level of foxp3 and rorγt in the jejunum 
of FMT and control groups (immunohistochemical staining). Scale bars, 100 μm. IOD, integrated optical density. Data were shown as mean ± SEM. 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. FMT, fecal microbiota transplantation group (n = 10); Con, control group (n = 10)
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Fig. 3 (See legend on previous page.)
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[34, 35]. It is demonstrated that in colitis pathology, both 
IL-17A and IL-17F are involved in developing intestinal 
inflammation because these cytokines have overlap-
ping or interdependent pro-inflammatory role [5, 36]. 
However, Treg cell-associated transcription factor foxp3 
restricts the polarization of Th17 cells by inhibiting their 
transcriptional potential [33], indicating an intricate 
interaction between these cells. Recent evidence revealed 
that foxp3 and its associated cytokines, TGF-β and IL-10, 
were observed in maintaining Th17/Treg cell balance in 

the chicken gut [37, 38]. In the present study, upregulated 
mRNA expression of IL-6, Stat3, and rorγt in the jejunum 
of low body weight chickens of all three breeds indicated 
the higher differentiation of Th17 cells, and downregu-
lated mRNA expression of TGF-β and foxp3 in the jeju-
num of low body weight chickens of all three breeds 
indicated the lower differentiation of Treg cells. Typically, 
the relative mRNA expressions of IL-17A and IL-21 were 
significantly higher in low body weight chickens, while 
the relative mRNA expression of IL-10 was significantly 

Fig. 4 Effects of fecal microbiota transplantation (FMT) on the microbial communities in the jejunum of recipient chickens. A The comparison of 
jejunal microbiota diversity (Shannon index) between the FMT and control groups. B The comparison of jejunal microbiota richness (Chao index) 
between the FMT and control groups. C At the genus level, the comparison of relative abundance of Lactobacillus between the FMT and control 
groups. D The comparison of relative abundance of Lactobacillus, Gardnerella, g_norank_f_Actinomycetaceae, and other bacteria between the FMT 
and control groups. LDA score ≥ 2. **P < 0.01. FMT, fecal microbiota transplantation group (n = 10); Con, control group (n = 10)

(See figure on next page.)
Fig. 5 Fecal microbiota transplantation (FMT) markedly alters the metabolite profile in the jejunum of recipient chickens. A The comparison of 
metabolomics profile of jejunal contents between the FMT and control groups (partial least-squares discriminant analysis). B The comparison 
of heat map of 40 different metabolites between the FMT and control groups. C The comparison of metabolite pathway enrichment analysis 
between the FMT and control groups. D The comparison of relative mRNA expression of tryptophan metabolite receptor aryl hydrocarbon 
receptor (AhR), CYP1A2, and IL-22 between the FMT and control groups (qPCR). E The comparison of protein expression level of aryl hydrocarbon 
receptor (AhR) between the FMT and control groups (immunohistochemical staining). Scale bars, 100 μm. F Heat map of Spearman’s correlations 
between differential jejunal microbiota and tryptophan metabolites. Data were shown as mean ± SEM. *P < 0.05, **P < 0.01. FMT, fecal microbiota 
transplantation group (n = 10); Con, control group (n = 10). Metabolites with the variable importance in the projection (VIP) value of the PLS-DA 
model > 1
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Fig. 5 (See legend on previous page.)
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lower in low body weight chickens, indicating imbal-
anced Th17/Treg cells result in intestinal inflammation 
and reduce chicken growth performance. Therefore, bal-
ancing intestinal Th17/Treg cells might be an effective 
way to improve chicken growth performance.

It has been established that gut microbiota is pre-
dominantly associated with intestinal immune homeo-
stasis and prevents intestinal inflammation [19, 20]. 
Any disturbance in gut microbiota balance aggravates 
intestinal inflammation [39]. Recently, fecal microbiota 
transplantation (FMT) is emerging as a useful technique 
to reestablish the disturbed microbial communities 
and effectively contributes to the chicken growth [40]. 
Thus, in the current study, we elucidated whether FMT 
could reshape gut microbiota of the recipient chicks 
and increase their growth performance. Interestingly, 
we found that FMT significantly increased body weight, 
breast/leg muscle weight, and an average area of breast/
leg muscles in the FMT group compared with the con-
trol group, indicating an association of microbiota trans-
plantation with chicken growth. It is also well-known 

that chicken growth is related to the effective mucosal 
physiology in the intestine, which is dependent on such 
intestinal architecture that facilitates nutrient diges-
tion, particularly villus height, providing enough surface 
area for nutrient absorption [41]. In the present study, 
markedly enhanced jejunal length and villus length in 
the jejunum by FMT indicated that transferring fecal 
suspension exerted beneficial effects on the intestinal 
architecture, resulting in enhanced nutrient digestion/
absorption. Notably, Lactobacillus, a potential probiotic, 
is recognized as a predominant bacterium both in the 
human and animal gut. Its competitive exclusion greatly 
influences gut microbiota equilibrium, encouraging the 
useful bacteria, i.e., Bifidobacteria, yet discouraging the 
unfavorable bacteria, i.e., Staphylococci, Escherichia coli, 
or Streptococci [42, 43]. Consistent with these findings, 
we also observed a higher abundance of Lactobacillus in 
the jejunum of the FMT group, suggesting the growth-
promoting potential of Lactobacillus in the chickens. On 
the other hand, a higher abundance of Streptococcus and 
Enterococcus in the control group of the present study 

Fig. 6 Heatmap of Spearman’s correlations between differential jejunal microbiota, tryptophan metabolites and Th17/Treg 
cell-related transcriptional factors and cytokines, and growth performance. The colors range from blue (negative correlation) to red (positive 
correlation). *P < 0.05 and **P < 0.01
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indicated their inflammatory potential in the chicken 
gut because Steck and co-workers found Enterococcus-
related-specific antibodies in the serum of inflammatory 
bowel disease patients and demonstrated that Enterococ-
cus disrupted epithelial barrier, contributing to intesti-
nal inflammation [44]. Accumulated evidence revealed 
that gut microbiota could regulate immune homeosta-
sis by balancing Th17/Treg cells [21, 22]. Thus, next, we 
investigated whether FMT could modulate the associ-
ated transcriptional and cytokine parameters of Th17/
Treg cells. In the present study, the upregulated relative 
mRNA expressions of foxp3, TGF-β, and IL-10 in the 
jejunum of the FMT group and rorγt, Stat3, IL-6, IL-
17A, and IL-21 in the jejunum of control group indicate 
that early colonization of gut microbiota in the chicken 
jejunum maintains Th17/Treg cell balance by regulat-
ing their associated transcription factors and cytokines. 
Interestingly, our findings about Th17/Treg cell balance 
in the FMT group are consistent with high body weight 
chickens and reveal that transferring fecal microbiota 
could increase chicken growth performance by balanc-
ing Th17/Treg cells. However, whether other bacteria 
play synergistic action needs further study because there 
are some other bacteria besides Lactobacillus in the fecal 
suspension.

Recent evidence revealed that gut microbiota-derived 
metabolites maintain intestinal homeostasis by regulat-
ing the host immune system, mainly through balanc-
ing Th17/Treg cells [22, 45]. Typically, tryptophan has a 
key significance in the chickens because gut microbiota 
directly or indirectly influences tryptophan and trans-
forms it into ligands of the aryl-hydrocarbon receptor 
(AhR), serotonin, and indole and/or its derivatives [45, 
46], and Lactobacilli are the potential bacteria producing 
these metabolites [47, 48]. Fouad et al. reported that tryp-
tophan is principally involved in encouraging the ben-
eficial bacteria, i.e., Lactobacilli and Bifidobacteria, and 
inhibited the harmful bacteria, Escherichia coli [49]. In 
the present study, metabolite KEGG pathway enrichment 
map revealed that tryptophan metabolism was the most 
significant pathway, and serotonin, indole, and 5-meth-
oxyindoleacetate were also significantly higher in the 
FMT group, indicating the role of these metabolites in 
chicken growth. Interestingly, our results are consistent 
with the recently reported findings demonstrating indole 
to strengthen the gut barrier functions by ameliorating 
the enteropathy [50] and serotonin in nutrients absorp-
tion and immune response [27]. Furthermore, Saeedi 
et al. also found that Lactobacilli-produced 5-methoxyin-
doleacetate protects liver toxicity by travelling from gut 
to the liver, facilitating hepatic metabolism [51]. On the 
other hand, another study demonstrated that tryptophan 

metabolites inhibited Th17 cell’s polarization towards a 
pro-inflammatory phenotype by reprogramming  CD4+ 
cells into Treg cells [52]. Particularly, serotonin promotes 
Treg cells while inhibits Th17 cells [53], and indole also 
regulates these cells and protects intestine from tissue 
injury via AhR activation in chickens [5]. In the pre-
sent study, a higher Lactobacillus abundance along with 
prominently elevated tryptophan metabolites (sero-
tonin, indole, and 5-methoxyindoleacetate) and Treg 
cells in the FMT group suggested a cumulative effect on 
increased chicken growth performance by increasing 
nutrient absorption and immune regulation, which are 
distinctly supported by the above described findings. It 
has also been described that AhR activation is crucial in 
maintaining intestinal homoeostasis. After binding with 
the ligand, AhR translocates to the nucleus and binds 
with AhR nuclear translocator, forming a heterodimer, 
which modulates the target gene (CYP1A2) expression 
through binding with xenobiotic-responsive elements 
[54, 55]. It is also found that downregulation of CYP1A2 
is observed during inflammation [56], whereas AhR acti-
vation protects intestinal epithelium from enterocol-
itis by promoting CYP1A2 expression [57–59], and that 
indole derivatives activate AhR to promote IL-22 secre-
tion, which boosts intestinal mucosal defense [60]. Inter-
estingly, the present study found a significantly elevated 
expression of AhR, CYP1A2, and IL-22 in the jejunum of 
the FMT group, indicating that gut microbiota (probably 
Lactobacillus)-produced metabolites protect jejunum 
from inflammation and promote intestinal homeosta-
sis. These findings reveal that gut microbiota-produced 
metabolites enhance chicken growth by balancing Th17/
Treg cells.

Conclusions
Taken together, these findings suggested that imbalanced 
Th17/Treg cells decreased chicken growth performance. 
On the other hand, FMT-reshaped gut microbiota pro-
duced more tryptophan and its metabolites including 
serotonin, indole, and 5-methoxyindoleacetate, which 
activated aryl-hydrocarbon receptor (AhR) and expressed 
more CYP1A2 and IL-22 to maintain Th17/Treg cell bal-
ance and immune homeostasis and finally increased 
chicken growth performance.

Materials and methods
Animals
The approval for all the procedures related to animal’s 
experimentation was obtained from Institutional Animal 
Care and Use Committee of Huazhong Agricultural Univer-
sity (HZAUCH-2018-008), and all methods are conducted 
as permitted by the relevant guidelines and regulations.
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In order to get the chickens with significantly differ-
ent growth performance, newly hatched chicks including 
Turpan cockfighting × White Leghorn chickens, white 
feather chickens, and yellow feather chickens were used 
in the present study. A total of 600 chickens (200 chickens 
for each breed) were used in the current study. The chick-
ens of all three breeds were raised in the metallic cages 
(5 chickens per cage) under standard housing conditions 
in the poultry farm at Huazhong Agricultural Univer-
sity. All chickens have free access to food and water, were 
reared without vaccinations or medications, and were fed 
pelleted diet of corn and soybeans. At 6 weeks of age, all 
birds were weighed, and ten male chickens with the high-
est body weight and ten male chickens with the  low-
est body weight were selected from each chicken breed 
respectively for further research. For the fecal microbiota 
transplantation (FMT) experiment, 60 1-day-old male 
yellow feather chicks with the same genetic background 
were selected as recipients.

Selection of FMT donors
In order to get the good FMT donors, in the Turpan 
cockfighting × White Leghorn chickens (3  months old), 
four chickens (two males and two females) with high 
body weight and other four chickens (two males and 
two females) with low body weight were selected. The 
microbiota in the feces was compared using 16S rRNA 
gene sequencing. The results showed that the relative 
abundance of Lactobacillus in high body weight chickens 
was significantly higher compared with low body weight 
chickens. Besides, the relative abundance of Lactobacil-
lus in female high body weight chickens was significantly 
higher than that of male chickens (Fig. S1A). Moreover, 
the fecal bacterial composition of our selected donor 
chickens showed stable changes at different weeks (Fig. 
S1B), indicating that it could provide a stable source of 
bacteria for the recipient chickens during the 4 weeks of 
the FMT experiment. Therefore, the female high body 
weight chicken with the most abundant Lactobacillus 
was selected as the FMT donor.

Preparation of fecal suspensions
Every morning, once the donor chicken defecated, the 
white part of the fecal materials was removed as it con-
tains uric acid. Then, 7 g of fecal materials was collected 
in 50-mL sterile centrifuge tube and mixed with saline 
(0.75%) in a ratio of 1:6 (mixing 6 mL of saline per gram 
of feces). The mixer in the sterile tube was then placed 
in the ice box until the residue completely settled. Sub-
sequently, after collecting the supernatant, it was fil-
tered using a germ-free gauze, and fecal suspension was 
obtained.

Animal treatment
A total of  60 1-day-old male yellow feather chicks were 
selected as recipients and randomly divided into control 
group and FMT group (n = 30). Chickens in the  FMT 
group orally received fecal suspension (1 mL), and chick-
ens in the  control group orally received 0.75% saline 
(1  mL) every afternoon for 28  days. All chickens were 
sacrificed at the 30th day, and samples were collected for 
subsequent analysis.

Samples collection
After 12 h of fasting, all chickens were weighed and sac-
rificed. The weights of the leg and breast muscles were 
determined, and jejunal length was also measured. For 
analysis of gut microbiota and untargeted metabo-
lomic profiles, 13 to 15  cm jejunal segments from each 
bird were rapidly excised, and the content (1 to 1.5 g per 
bird) was collected into two sterilized centrifuge tubes 
(1.5 mL), quickly snap-frozen in liquid nitrogen, and then 
stored at −80 °C for sequencing. For histomorphological 
analysis, freshly harvested muscle and jejunum tissues 
were fixed in 4% paraformaldehyde solution. For gene 
expression analysis, the harvested jejunal segments were 
cut open, gently flushed with 0.75% normal-saline, frozen 
immediately in the liquid nitrogen, and then stored in 
−80 °C refrigerator.

Hematoxylin and eosin staining
For morphological observation, leg muscle, breast mus-
cle, and jejunum tissue samples were embedded in paraf-
fin and were cut into 3-µm-thick sections using a rotary 
sectioning machine (LEICARM2245, Leica, Germany). 
Finally, the tissue sections were stained with standard 
hematoxylin-eosin staining following the steps in our 
previously described work [2].

Immunohistochemical staining
The protein expression and distribution of foxp3, rorγt, 
and AhR in jejunum were detected by immunohisto-
chemical staining according to the steps of our previously 
published literature [2]. For the jejunal sections, depar-
affinization was performed in the xylene, and hydration 
was carried out with gradient ethanol solutions. After 
this, to repair the antigen, the sections were then placed 
in citrate buffer solution, and after warming in the micro-
wave oven, these sections were put at room temperature 
for cooling down. To inactivate the endogenous peroxi-
dase, 3% hydrogen peroxide was applied, and nonspecific 
binding sites were blocked by incubating the tissue sec-
tions in 5% BSA for 30 min at 37  °C. The primary anti-
bodies of rabbit anti-foxp3 (1:300) (A12685, Abclonal, 
China), the rabbit anti-rorγt (1:300) (A10240, Abclonal, 
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China), and rabbit anti-AhR (1:300) (A1451, Abclonal, 
China) were then added drop by drop to the sections 
and incubated at 4  °C for 12  h. Consequently, second-
ary antibodies (horseradish peroxidase) were then added 
dropwise to the tissue section and incubated at 37 °C for 
half an hour. Finally, DAB chromogenic method was used 
to develop the tissue sections and then re-stained with 
hematoxylin, followed by sealing the sections.

Quantitative real‑time polymerase chain reaction (qPCR)
To detect the relative mRNA expression levels of genes 
associated with Th17 and Treg cells, the extraction of 
total RNA from jejunal segments was performed with the 
TRIzol reagents (Takara, Japan) following manufacturer 
instructions. After removing genome DNA, RNA (1 µg) 
from every sample was reverse-transcribed to get cDNA 
with PrimeScript™-RT reagent Kit with (gDNA) Eraser 
(Takara, Japan). A total of 10-μL qPCR reaction mixer 
contains SYBR dye (5  µL) (Takara, Japan); enzyme-free 
water (3.2  µL); forward primer (0.4  µL); reverse primer 
(0.4 µL); and template cDNA (1 µL). A real-time qPCR-
probing system (Bio-Rad CFX Connect) was used to per-
form qPCR reaction (Bio-Rad, Hercules, CA, USA). The 
steps are as follows: 5 min predenaturation at 95 °C, 30 s 
denaturation (40 cycles) at 95 °C, 30 s annealing at 60 °C, 
and finally 15 s extension at 72 °C. The sequences of dif-
ferent primers were listed in Table 1 following a reference 
gene (β-actin). Using  2−ΔΔCT method, the expression lev-
els of different genes were quantitatively calculated.

Non‑targeted metabolomics
Extraction and determination of metabolites
Jejunal contents (50  mg) were collected, and metabo-
lite extraction was performed using a solution (4:1, v/v) 
of 400-µL methanol: water and L-2-chlorophenylalanin 
(0.02  mg/mL) was used as a reference standard. After 
settling this mixture at −10 °C, it was treated with 50 Hz 
for 6  min using a high-throughput tissue-crusher Won-
bio 96c (Shanghai Wanbo Biotechnology Co., Ltd.) fol-
lowing performing an ultrasound for 30 min at 5 °C and 
40 kHz. The precipitation of proteins was performed by 
placing the samples at 20  °C. After this, the centrifuga-
tion (13,000 g) of the samples was performed for 15 min 
at 4  °C. The supernatant solutions were obtained and 
cautiously transferred to sample vials for subsequent 
LC-MS analysis. Quality-controlled samples are pre-
pared by combining all samples in equal parts with good 
reproducibility.

The platform of UHPLC-Q Exactive HF-X system 
(ThermoFisher Scientific) was used for LC–MS analy-
sis. Briefly, HSS T3 column with dimensions (1.8  μm, 
100 mm × 2.1 mm) was utilized to separate a 2-µL sample 
and then loaded into the mass-spectrometry detection 

system. The mobile phase contains formic acid (0.1%) in 
the solvent A (water:acetonitrile (95:5)v/v and formic acid 
(0.1%) in the solvent B (acetonitrile:isopropanol:water 
(47.5:47.5:5)v/v. The solvent gradients are as follows: 
from 0 to 0.1 min, 0 to 5% B; from 0.1 to 2 min, 5 to 25% 
B; from 2 to 9 min, 25 to 100% B; from 9 to 13 min, 100 to 
100% B; from 13 to 13.1 min, 100 to 0% B; and from 13.1 
to 16 min, 0 to 0% B for equilibrating the systems. A total 
of 2 µL of sample is applied at a time, and the flow rate is 
set to 0.4 mL per minute. The temperature of the column 
was 40 °C. The samples were stored in the 4 °C refrigera-
tor during the experiment. The mass spectrometric data 
was collected using a Thermo UHPLC-Q Exactive Mass 
Spectrometer equipped with an electrospray ionization 
(ESI) source operating in either positive or negative ion 
mode.

Differential metabolites analysis
After obtaining the raw data from LC-MS, it was pre-
processed using Progenesis QI (Waters Corporation, 
Milford, USA) software. Data is analyzed through 
majorbio-cloud platform (cloud.majorbio.com), and the 

Table 1 The sequences of different primers for qPCR

Genes Primer sequence (5′ to 3′) Accession no.

β-actin f-TTG TTG ACA ATG GCT CCG GT NM_205518.2

r-TCT GGG CTT CAT CAC CAA CG

foxp3 f-AAC GGC GAG ACA CCTTC NM_001024827.2

r-TTC GGA GAC TTT AAT CCA CTA 

IL-10 f-AGA TGC TGC GCT TCT ACA CA NM_001004414.4

r-CCC ATG CTC TGC TGA TGA CT

TGF-β f-ATG TGT TCC GCT TTA ACG TGTC NM_205454.2

r-GCT GCT TTG CTA TAT GCT CATC 

rorγt f-CAC CCC CAG CTT CAC CAT AG XM_040691084.2

r-GCA GCT CAA TCT CCA ATG CG

Stat3 f-GCC GAA TCA CAA CTA CAG ACTC NM_001030931.4

r-CTG ACT TTG GTG GTG AAC TGC 

IL-6 f-CTC CTC GCC AAT CTG AAG TC NM_204628.2

r-AGG CAC TGA AAC TCC TGG TCT 

IL-17F f-TTG ACA TTC GCA TTG GCA GC XM_040668476.2

r-AGT TCA AGC AGC CCA AGA GG

IL-17A f-AAG GTG ATA CGG CCA GGA CT NM_204460.2

r-GAG TTC ACG CAC CTG GAA TG

IL-21 f-TCT GTT CAG TGA CTT GCC CC NM_001024835.2

f-CCA ACC ACC CTT TAG CCA CT

AhR f-ACC TGT GCA GAA AAT AGT AAA GCC NM_204118.3

r-CTT CCA GGA TCT GCA TCC CC

CYP1A2 f-TGG ATA CCC TCT GCC TCT CTC NM_205146.3

r-CTA AGG GGA AGC GTG GTG TA

IL-22 f-GCC CTA CAT CAG GAA TCG CA NM_001199614.1

r-CCA CAT CCT CAG CAT ACG GG



Page 14 of 16Ma et al. Microbiome          (2023) 11:137 

variance analysis was performed on the obtained matrix 
file after preprocessing the sample data. The partial least 
squares-discriminant analysis (PLS-DA) and principal 
component analysis (PCA) were analyzed using the R 
package ropls (Version 1.6.2). A fold-difference analy-
ses and the Student t-test were also performed. Variable 
importance in projection (VIP) was obtained after PLS-
DA analysis and Student test, and based on the VIP val-
ues, the significant different metabolites were selected. 
The metabolites with VIP more than 1 and (P < 0.05) were 
considered as significantly differential metabolites. Based 
on the  KEGG database  (KEGG, http:// www. genome. 
jp/ kegg/), the  differential metabolites between the two 
groups were mapped to biochemical metabolic pathways 
and the pathway enrichment analysis was also performed.

16S rRNA genes sequencing and analysis
The genomic DNA of microbial communities was 
extracted from the jejunal content with FastDNA-SPIN-
extraction kit (MP Biomedicals, Santa Ana, CA, USA) 
following standard manufacturer’s instructions. Quantifi-
cations of the extracted DNA with OD (260/280) ranged 
from 1.8 to 2.0 were performed with NanoDrop ND1000 
Spectrophotometer (ThermoFisher Scientific, Waltham, 
MA, USA) and with 1% agarose gel electrophoresis. Bac-
terial 16S-rRNA genes contain hypervariable regions 
(V3 and V4), which were amplified using forward 338F 
(5′-ACT CCT ACG GGA GGC AGC A-3′) and reverse 
806R (5′-GGA CTA CHVGGG TWT CTAAT-3′) primers, 
respectively, following steps in our previous work [2]. 
Purified amplicon library from every jejunal sample has 
0.5 ng/µL concentrations. The pooling of purified ampli-
cons in equimolar and pair-end sequencings (2 × 300 bp) 
was performed using the platform of Illumina MiSeq 
(Illumina, San Diego, USA) following standardized 
instructions from Majorbio Bio-Pharm Technology Co., 
Ltd. (Shanghai, People’s Republic of China). A total of 
30,000 clean reads per purified-amplicon library were 
obtain using this method.

The raw reads from the 16S rRNA genes sequencing 
data were demultiplexed, filtered with Trimmomatic to 
get the quality reads and finally merged using FLASH. 
The clustering of operational taxonomic unit (OTU) 
using 97% similarity cutoff was performed with UPARSE 
(version 7.1, http:// drive5. com/ uparse/). Then, the valid 
reads were obtained after identifying and removing the 
chimeric sequence. To analyze taxonomic nature of every 
OTU-representative sequence against Silva 138 (16S 
rRNA) database, RDP Classifier (http:// rdp. cme. msu. 
edu/) was applied following 0.7 as a confidence threshold.

In order to reduce the effect of sequencing depths 
on α- and β-diversity measurements, subsampling of 
reads from every sample was performed. The lowest 

effective reads for the jejunum contents of FMT and 
control groups are 42,687. The Shannon index as well 
as the Chao index was used to describe alpha diversity. 
Pie charts and bar charts were used to show the genus-
level community structure. Based on default param-
eters, linear discriminant analysis effect size (LEfSe) 
was performed to check the taxa with significant differ-
ences between groups. Based on the Tax4Fun, sequence 
annotations were carried out using KEGG functions, 
and finally, STAMP software package was used to visu-
alize the statistics of these sequences.

Statistical analysis
The digital images of each sample were taken with the 
light microscope (BH-2, Olympus, Japan) using a digital 
camera (DP72, Olympus). From each group, 8 sections 
were selected, and 8 random field images were acquired 
in each section depending on the type of tissue. In each 
field of view image, the mean cross-sectional area of the 
single leg and/or breast muscle cell as well as the IHC-
positive signal was counted using Image-Pro Plus 6.0 
(Media Cybernetics, USA). The IOD-positive signal in 
each field of view and the length of jejunum villi were 
also determined. Prism software 8 (GraphPad, Inc., 
San Diego, USA) was applied to get the data graphics 
and analyses of the data. The data with means ± SEM 
are shown here, and the Student t-test was applied to 
determine the statistical significance. To compare mean 
between two groups, the value (P < 0.05) was used as a 
statistically significant value. In addition, metabolites 
with the variable importance in the projection (VIP) 
value of the PLS-DA model > 1 and the P-values of Stu-
dent’s t-test < 0.05 were considered to be significantly 
different.
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