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Abstract: Aeriscardovia aeriphila, also known as Bifidobacterium aerophilum, was first isolated from the caecal contents of 
pigs and the faeces of cotton-top tamarin. Bifidobacterium species play important roles in preventing intestinal infections, decreasing 
cholesterol levels, and stimulating the immune system. In this study, we isolated a strain of bacteria from the duodenal contents 
of broiler chickens, which was identified as A. aeriphila, and then evaluated the effects of A. aeriphila on growth performance, 
antioxidant functions, immune functions, and gut microbiota in commercial broiler chickens. Chickens were orally gavaged 
with A. aeriphila (1×109 CFU/mL) for 21 d. The results showed that A. aeriphila treatment significantly increased the average 
daily gain and reduced the feed conversion ratio (P<0.001). The levels of serum growth hormone (GH) and insulin-like growth 
factor 1 (IGF-1) were significantly increased following A. aeriphila treatment (P<0.05). Blood urea nitrogen and aspartate 
aminotransferase levels were decreased, whereas glucose and creatinine levels increased as a result of A. aeriphila treatment. 
Furthermore, the levels of serum antioxidant enzymes, including catalase (P<0.01), superoxide dismutase (P<0.001), and glutathione 
peroxidase (P<0.05), and total antioxidant capacity (P<0.05) were enhanced following A. aeriphila treatment. A. aeriphila 
treatment significantly increased the levels of serum immunoglobulin A (IgA) (P<0.05), IgG (P<0.01), IgM (P<0.05), interleukin-1 
(IL-1) (P<0.05), IL-4 (P<0.05), and IL-10 (P<0.05). The broiler chickens in the A. aeriphila group had higher secretory IgA 
(SIgA) levels in the duodenum (P<0.01), jejunum (P<0.001), and cecum (P<0.001) than those in the control group. The 
messenger RNA (mRNA) relative expression levels of IL-10 (P<0.05) and IL-4 (P<0.001) in the intestinal mucosa of chickens 
were increased, while nuclear factor-κB (NF-κB) (P<0.001) expression was decreased in the A. aeriphila group compared to the 
control group. Phylum-level analysis revealed Firmicutes as the main phylum, followed by Bacteroidetes, in both groups. The 
data also found that Phascolarctobacterium and Barnesiella were increased in A. aeriphila-treated group. In conclusion, oral 
administration of A. aeriphila could improve the growth performance, serum antioxidant capacity, immune modulation, and gut 
health of broilers. Our findings may provide important information for the application of A. aeriphila in poultry production.
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1 Introduction 

Antibiotic use in food and animal production has 
been drastically reduced to preserve antibiotic potency 
and prevent antimicrobial resistance. Green and safe 
alternatives to antibiotics such as probiotics and plant 
extracts have gained increasing attention, and these 
alternatives are generally recognized as safe substances 

to enhance the health and performance of animals 
(Cheng et al., 2014; Buntyn et al., 2016; Mehdi et al., 
2018). Probiotics have been shown to improve animal 
health and performance by influencing the gut micro‐
biota, strengthening the intestinal barrier, and modu‐
lating the immune system.

Aeriscardovia aeriphila, also termed Bifidobacte‐
rium aerophilum, is a Gram-positive anaerobic bac-
terium that may have beneficial effects on host health 
(Hirayama et al., 2011). A. aeriphila has been demon‐
strated to exhibit probiotic properties, such as the 
ability to adhere to intestinal epithelial cells, anti-
microbial activity against pathogenic microorganisms, 
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and resistance to gastrointestinal conditions such as 
low pH and bile salts (García-Cayuela et al., 2014), 
promoting a balanced inflammatory response and 
potentially preventing the onset of certain autoim‐
mune or inflammatory diseases (Ferrario et al., 2016), 
or even having an impact on weight management pos‐
sibly by modulating lipid metabolism or influencing 
satiety signals (Zheng et al., 2020). However, its 
potential as a probiotic for poultry production re‐
mains unexplored. However, there is limited research 
specifically on the effects of A. aeriphila in poultry 
production, specifically in broiler chickens. We hy‐
pothesize that A. aeriphila may also have a positive 
influence on broiler chickens. To test this hypothesis, 
the present study aims to evaluate the effects of A. 
aeriphila on broiler chicken growth performance, anti‐
oxidant functions, immune responses, and gut micro‐
biota composition.

2 Materials and methods 

2.1 Bacteria

A. aeriphila was isolated from chicken feces 
using chopped meat medium-78 and bifidobacterium 
medium-58 (DSMZ GmbH). The broth was filtered 
and centrifuged to collect bacteria and then suspended 
in phosphate-buffered saline (PBS).

2.2 Experimental design and sample collection

A total of 48 1-d-old Arbor Acre commercial 
broiler chickens ((43.5±0.1) g) were randomly divided 
into two groups, the control and A. aeriphila treatment 
groups, with six replicates per group and each repli‐
cate containing four chickens. In the control group, 
PBS (1 mL) was given orally for up to 21 d. In the 
treatment group, A. aeriphila (1 mL, 1×109 CFU/mL 
(CFU: colony-forming units)) was orally administered 
to chickens for 21 d. For sampling, after a 12-h over‐
night fast, two chickens from each replicate were chosen. 
The basal corn-soybean meal diets in the manuscript 
were formulated to meet the chicken’s nutrient require‐
ments (China, NY/T 33-2004, 2004), as described in 
the Arbor Acre broilers diets by Wang et al. (2023). 
The broilers were housed in 3-layer galvanized iron 
wire cages in an enclosed space with exhaust blowers 
for ventilation, with one pen per duplicate. The room 
temperature was kept at 30‒33 ℃ with a temperature 

decrease of 1 ℃ every 5 d. The relative humidity was 
maintained at 65%‒70%. The provision of artificial 
light lasted for 23 h. Throughout the trial, food and 
water were freely given to all the chickens.

Blood samples were collected from the wing vein 
and then centrifuged at 3000 r/min for 10 min at 4 °C 
to separate the serum. The serum samples were stored 
at −80 °C for further analysis. Chickens were humanely 
euthanized using cervical dislocation. For the analysis 
of intestinal microbiota, intestinal contents were asep‐
tically collected, placed into sterile centrifuge tubes, 
and immediately snap-frozen in liquid nitrogen. The 
small intestine (duodenum, jejunum, and cecum) sam‐
ples were divided into the appropriate sections and then 
promptly frozen in liquid nitrogen for further analysis.

2.3 Measurement of growth performance

The body weights and feed consumption were 
measured at 1 and 21 d of age. The average daily gain 
(ADG), average daily feed intake (ADFI), and feed 
conversion ratio (FCR) were calculated at 21 d of age.

2.4 Serum biochemical index analysis

Serum was examined using a blood chemistry 
analyzer (Fuji Film Co., Ltd., Tokyo, Japan) to assess 
blood urea nitrogen (BUN), creatinine (CRE), glucose 
(GLU), total cholesterol (TCHO), total protein (TP), 
albumin (ALB), total bilirubin (TBIL), triglyceride 
(TG), aspartate aminotransferase (AST), and alanine 
aminotransferase (ALT). In addition, the growth hor‐
mone (GH) and insulin-like growth factor-1 (IGF-1) 
levels were assessed using commercially available 
kits (Beijing North Institute of Biological Technology, 
Beijing, China).

2.5 Serum antioxidant capacity analysis

The levels of malondialdehyde (MDA) and cata‐
lase (CAT) and the total antioxidant capacity (T-AOC) 
were measured in the homogeneous supernatant of the 
serum using commercial test kits (Nanjing Jiancheng 
Bioengineering Institute of China, Nanjing, China) 
following the protocols described by the manufacturers.

2.6 Intestinal immune function analysis

To eliminate tiny particles, samples were centri‐
fuged for 10 min at 12 000g using the double-antigen 
sandwich method after being soaked in PBS (100 μL 
per 10 mg of the sample) and homogenized using a 
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homogenizer. The levels of immunoglobulin M (IgM), 
IgA, IgG, serum glutathione peroxidase (GSH-Px), 
superoxide dismutase (SOD), interleukin-1 (IL-1), IL-4, 
IL-6, IL-10, transforming growth factor-β (TGF-β), 
interferon-γ (IFN-γ), and secretory IgA (SIgA) in small 
intestine contents (duodenum, jejunum, and cecum) 
were measured using BioAssayTM enzyme-linked im‐
munosorbent assay (ELISA) kits (USBiological Life 
Sciences, MA, USA).

2.7 qPCR

The animal tissues were transferred into 1.5-mL 
centrifuge tubes containing TRIzol reagent (Invitrogen, 
CA, USA). For intestine tissues, the materials were 
homogenized for 120 s at 4 ℃. Total RNA from the 
sample was extracted in accordance with the reagent’s 
instructions. A NanoDrop 2000 (Thermo Fisher 
Scientific, Massachusetts, USA) was used to measure 
the quantity and quality of RNA in the samples. The 
generation of complementary DNA (cDNA) from total 
RNA was performed using a synthesis kit (ABclonal, 
Wuhan, China). Table 1 shows the creation of primers 
from GenBank sequences stored on the National Center 
for Biotechnology Information (NCBI; https://www.
ncbi.nlm.nih.gov) using basic local alignment search 
tool (BLAST) and Primer3 (https://primer3.ut.ee). The 
primers were synthesized by Sangon Biotech Co., Ltd. 
(Shanghai, China). For quantitative real-time poly‐
merase chain reaction (qPCR) on the QuantStudio 
6 PCR System (Applied Biosystems, Hammonton, NJ, 
USA), SYBR Green Supermax (ABclonal) was used 
with thermocycler conditions of 10 min of 95 ℃ in 
step 1 and 40 cycles at 95 ℃ for 5 s in step 2 followed 
by 30 s at 60 ℃. Melting curves between 60 ℃ and 
90 ℃ were gathered for IL-2 with step 1 as 3 min of 
95 ℃ and step 2 as 40 cycles at 95 °C for 5 s, 20 s 
at 62 ℃, and 30 s at 72 ℃. The relative expression 
of messenger RNA (mRNA) was estimated with the 
2−ΔΔCT method after the target gene expression was 

standardized with the mean of the reference genes 
(Livak and Schmittgen, 2001; Michaelidou et al., 2013).

2.8 Microbial genomic DNA extraction and 16S 
rDNA sequencing and analysis

DNA kit (QIAamp PowerFecal Pro DNA Kit ID: 
51804, QIAGEN, Germany) was used to extract the 
microbial genomic DNA from the cecal content of 
chickens. The microbial genomic DNA was extracted 
according to the procedures from the kit. The V3–V4 
regions of bacterial 16S ribosomal DNA (rDNA) were 
amplified using the 341F (5'-ACTCCTACGGGAG
GCAGCAG-3') and 806R (5'-GGACTACHVGGGT
WTCTAAT-3') primers. Illumina MiSeq libraries were 
used for the generation of 2×300 bp reads (BGI, Shen‐
zhen, China). More than 76 000 raw reads from each 
sample were obtained on average. The low-quality bases 
were removed from the raw data to splice the paired-
end reads to obtain the tags using FLASH software 
(Magoč and Salzberg, 2011). In each sample, more 
than 68 000 clean reads and 34 000 tags were acquired 
on average. Subsequently, the tags were grouped into 
operational taxonomic units (OTUs) (97% confidence 
level) using the UPARSE method. Chimeric sequences 
were eliminated using UCHIME with the Gold data‐
base (v4.2.40) (Edgar et al., 2011; Edgar, 2013). The 
OTU taxonomy was determined using the Ribosomal 
Database Project (RDP) classifier v.2.2 with 0.6 OTUs 
as a minimum confidence level. OTUs were trained 
using the Greengenes database (v201305) through 
quantitative insights into microbial ecology (QIIME) 
(v1.8.0) (Caporaso et al., 2010). The diversity (alpha 
and beta) of OTUs was examined using MOTHUR 
(v1.31.2) and QIIME (v1.8.0), respectively. Principal 
component analysis (PCA) of OTUs was conducted 
using the package “ade4” of R software. Utilizing 
QIIME 2, phylogenetic beta diversity measurements, 
such as principal co-ordinates analysis (PCoA), were 
carried out. Taxonomic biomarkers were found using 

Table 1  Primers used for qPCR analysis

Gene

HMBS

β-actin

IL-4

IL-10

NF-κB

Forward primer (5'→3')

GGCTGGGAGAATCGCATAGG

CACAGATCATGTTTGAGACCTT

GTGCCCACGCTGTGCTTAC

CGCTGTCACCGCTTCTTCA

GCACAACGCCTCTTCACATA

Reverse primer (5'→3')

TCCTGCAGGGCAGATACCAT

CATCACAATACCAGTGGTACG

AGGAAACCTCTCCCTGGATGTC

TCCCGTTCTCATCCATCTTCTC

GGCTCAAAGTTCTCAACGTG

Reference

Khan et al., 2017

de Boever et al., 2008

Lammers et al., 2010

Liu SQ et al., 2018

NM_001396395

qPCR: quantitative real-time polymerase chain reaction; HMBS: hydroxymethylbilane synthase; IL-4: interleukin-4; NF-κB: nuclear factor-κB.
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a study of the linear discriminant analysis (LDA) 
effect size (LEfSe) with LDA score>2.0 and P<0.05. 
Key biomarkers were defined with LDA score≥4.0 
and P<0.05.

2.9 Statistical analysis

GraphPad Prism 9 was used to conduct signifi‐
cance analyses using two-tailed Student’s t-test. The 
data are presented as mean±standard deviation (SD), 
and each data point is shown in the graph. P values 
of <0.05 were considered significant.

3 Results 

3.1 Effects of A. aeriphila on growth performance 
of broilers

Our data indicated that oral gavage of A. aeriphila 
significantly increased the ADG (P<0.001, Fig. 1b) 
compared to the control group, while there was no 
significant difference in ADFI (P>0.05, Fig. 1c). As a 
result, the FCR was significantly reduced by A. aeriphila 
treatment (P<0.001, Fig. 1a) compared to the control 
group. Moreover, A. aeriphila treatment resulted in 
significant increases in the levels of GH (P<0.01, Fig. 1d) 
and IGF-1 (P<0.05, Fig. 1e) compared to the control 
group.

3.2 Effects of A. aeriphila treatment on serum 
biochemistry in broilers

The effects of A. aeriphila treatment on serum 
biochemistry are shown in Fig. 2. Notably, A. aeriphila 
treatment led to a significant decrease in the levels 
of serum AST (P<0.01, Fig. 2b) and BUN (P<0.05, 
Fig. 2e). Conversely, the levels of serum GLU (P<
0.001, Fig. 2c) and CRE (P<0.05, Fig. 2d) were sig‐
nificantly increased after A. aeriphila treatment. On the 
other hand, no significant differences were observed 
in the levels of serum TBIL (Fig. 2a), ALB (Fig. 2f), 
TG (Fig. 2g), TP (Fig. 2h), ALT (Fig. 2i), and TCHO 
(Fig. 2j) between the control and A. aeriphila groups.

3.3 Effects of A. aeriphila on antioxidant capacity 
in broilers

The effects of A. aeriphila on antioxidant activity 
are shown in Fig. 3. Treatment with A. aeriphila led 
to significant increases in serum GSH-Px (P<0.05, 

Fig. 3a), CAT (P<0.01, Fig. 3b), T-AOC (P<0.05, 
Fig. 3c), and SOD (P<0.001, Fig. 3d) activity. How‐
ever, the serum MDA level was not significantly 
altered by A. aeriphila treatment (Fig. 3e). These re‐
sults suggested that A. aeriphila treatment enhanced 
the antioxidant capacity in broilers.

3.4 Alterations in the levels of blood immunoglobulins 
in broilers by A. aeriphila treatment

The impact of A. aeriphila treatment on immune 
responses was evaluated and is presented in Fig. 4. 
Treatment with A. aeriphila resulted in significant in‐
creases in serum IgA (P<0.05, Fig. 4a), IgG (P<0.01, 
Fig. 4b), and IgM (P<0.05, Fig. 4c) levels. The level 
of serum IL-1 (P<0.05, Fig. 4d) was significantly 
decreased, while the levels of serum IL-4 (P<0.05, 
Fig. 4e) and serum IL-10 (P<0.05, Fig. 4g) were sig‐
nificantly increased by treatment with A. aeriphila. 
There was no obvious difference in the serum IL-6 
(Fig. 4f), TGF-β (Fig. 4h), or IFN-γ (Fig. 4i) level 
between the control and A. aeriphila groups.

Fig. 1  Effects of Aeriscardovia aeriphila on growth 
performance and the levels of serum hormones in broilers. 
(a) Feed conversion ratio (FCR) of broilers; (b) Average 
daily gain (ADG) of broilers; (c) Average daily feed intake 
(ADFI) of broilers; (d) Serum growth hormone (GH) levels 
in broilers; (e) Serum insulin-like growth factor-1 (IGF-1) 
levels in broilers. The data are presented as mean±standard 
deviation (SD), with n=6 (a‒c) and n=10 (d, e), and were 
evaluated by Student’s t-test (* P<0.05, ** P<0.01, *** P<0.001).

1017



|    J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2023 24(11):1014-1026

3.5 Effects of A. aeriphila treatment on the immune 
responses in the intestinal mucosa of broilers

To investigate the impact of A. aeriphila treatment 
on intestinal mucosal immune responses, we measured 
mucosal immune-related immunoglobulin in the small 
intestine of chickens. Treatment with 1×109 CFU/mL 
A. aeriphila led to higher production of SIgA in the 
intestinal fluid of the duodenum (P<0.01, Fig. 5a), 
jejunum (P<0.001, Fig. 5b), and cecum (P<0.001, 
Fig. 5c). Furthermore, A. aeriphila treatment resulted 
in significant increases in the mRNA levels of IL-4 
(P<0.05, Fig. 5d) and IL-10 (P<0.001, Fig. 5e), but a 
significant decrease in nuclear factor-κB (NF-κB) (P<
0.001, Fig. 5f). These findings suggested that A. aeriphila 
treatment enhanced intestinal mucosal immune re‐
sponses in broilers.

3.6 Alterations in gut bacterial diversity of broilers 
by A. aeriphila treatment

A total of 76 000 reads were obtained from each 
sample after preliminary quality screening, with an 
average of 68 000 reads per sample and a median read 
length of 300 bp. The total number of OTUs at a more 
than 97% similarity level was 34 000. The number of 

Fig. 2  Serological analyses of the levels of serum total bilirubin (TBIL) (a), aspartate aminotransferase (AST) (b), glucose 
(GLU) (c), creatinine (CRE) (d), blood urea nitrogen (BUN) (e), albumin (ALB) (f), triglyceride (TG) (g), total protein 
(TP) (h), alanine aminotransferase (ALT) (i), and total cholesterol (TCHO) (j) in broilers. The data are presented as 
mean±standard deviation (SD), with n=10, and were evaluated by Student’s t-test (* P<0.05, ** P<0.01, *** P<0.001).

Fig. 3  Effects of Aeriscardovia aeriphila on the redox 
state and antioxidant levels in broilers. The impacts of 
A. aeriphila on the glutathione peroxidase (GSH-Px) (a), 
catalase (CAT) (b), total antioxidant capacity (T-AOC) (c), 
and superoxide dismutase (SOD) (d) activity, and the 
malondialdehyde (MDA) level (e) in broilers. The results 
are represented as mean±standard deviation (SD), with n=
10, and were evaluated by Student’s t-test (* P<0.05, ** P<
0.01, *** P<0.001).
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OTUs in the dilution curve increased parallel to the 
number of sequences, indicating sufficient sequencing 
quantity for each sample for the characterization of the 
gut microbiota composition (Fig. 6a). The steep curve 
indicated decreased species evenness. The library had 
an average coverage of 99.91% (Fig. 6b), and the flat 
tendency of the Shannon dilution curve indicated rea‐
sonable sequencing data in this study (Fig. 6c). Most of 
the indices, i. e., abundance-based coverage estimator 
(ACE) (Fig. 7a), Chao1 richness (Chao1) (Fig. 7b), cov‐
erage (Fig. 7c), evenness (Fig. 7d), Shannon (Fig. 7e), 
and Simpson (Fig. 7f), reflected the alpha diversity 

of microbial communities between the control and 
A. aeriphila groups. Alpha diversity indices were not 
significantly changed by A. aeriphila, as evidenced by 
the Student’s t-test (P>0.05). There was a distinct sep‐
aration between the control and A. aeriphila groups in 
the PCoA analysis, with a lower degree of dispersion 
among the control samples than among the A. aeriphila 
samples (Fig. 7g). PCo1 explained 20.97%, and PCo2 
explained 15.91% of the variance in the PCoA, cumu‐
latively explaining 36.88% of the species composition 
changes.

3.7 Comparative analysis of gut bacterial taxonomic 
composition between A. aeriphila and control groups

At the phylum level, Firmicutes was identified 
as the dominant phylum (62.89%), followed by 
Bacteroidetes (26.38%) in both groups. Notably, the 
A. aeriphila group had a higher Proteobacteria con‐
tent (6.16%) than the control group (Fig. 8a). At the 
class level, the A. aeriphila group demonstrated an 
increased abundance of Clostridia (57.04%), Actino‐
bacteria (0.26%), Epsilonproteobacteria (5.06%), and 

Fig. 5  Levels of intestinal secretory immunoglobulin A 
(SIgA) and messenger RNA (mRNA) relative expression of 
interleukin-4 (IL-4), IL-10, and nuclear factor-κB (NF-κB) 
in the control and Aeriscardovia aeriphila groups. The levels 
of intestinal SIgA in the duodenum (a), jejunum (b), and 
cecum (c) and the mRNA relative expression of IL-4 (d), 
IL-10 (e), and NF-κB (f) in control and A. aeriphila-treated 
broilers. Data are shown as mean±standard deviation (SD), 
with n=10, and were evaluated by Student’s t-test (* P<0.05, 
** P<0.01, *** P<0.001).

Fig. 4  Effects of oral administration of Aeriscardovia 
aeriphila on the levels of immunoglobulins and cytokine 
secretion. Levels of serum immunoglobulin A (IgA) (a), 
IgG (b), IgM (c), interleukin-1 (IL-1) (d), IL-4 (e), IL-6 (f), 
IL-10 (g), transforming growth factor-β (TGF-β) (h), and 
interferon-γ (IFN-γ) (i) in broilers. The results are represented 
as mean±standard deviation (SD), with n=10, and were 
evaluated by Student’s t-test (* P<0.05, ** P<0.01).
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Bacteroidia (25.93%) compared to the control group 
(Fig. 8b). At the order level (Fig. 8c), the A. aeriphila 
group exhibited a higher abundance of Clostridiales 
(58.15%), Campylobacterales (4.15%), Bacteroidales 
(27.54%), and Lactobacillales (1.51%). At the family 
level, the A. aeriphila group showed an increased 
presence of Ruminococcaceae (33.73%), Lactobacil‐
laceae (1.27%), Helicobacteraceae (5.02%), and Bac‐
teroidaceae (11.36%) compared to the control group 
(Fig. 8d). Last, at the genus level, the analysis re‐
vealed that the relative abundances of Faecalibac‐
terium (7.74%), Lactobacillus (1.27%), Barnesiella 
(6.56%), and Alistipes (7.96%) increased in response 
to A. aeriphila supplementation (Fig. 8e).

3.8 LEfSe analysis and cladogram of the gut 
bacterial communities in broilers

LEfSe was applied to identify high-dimensional 
biomarkers between the control and A. aeriphila groups, 
and the cladogram represented different levels of tax-
onomy showing the significantly different taxa (Fig. 9a). 
The differentially abundant taxa were determined using 
the LDA model, which estimated the effect size of each 
significantly different taxon. LEfSe analysis revealed 
the abundance of the phyla Proteobacteria, Epsilon‐
proteobacteria, Campylobacterales, and Helicobacte‐
raceae and the genus Helicobacter in the A. aeriphila 
group samples (Fig. 9b). At the family level, nine 
families showed significantly different proportions in 
the A. aeriphila group compared to the control group. 
Four families, Acidaminococcaceae, Helicobacte‐
raceae, Porphyromonadaceae, and Pasteurellaceae 
exhibited increased abundance (P<0.05). Conversely, 
five families, Clostridiales_Incertae_Sedis_XIII, 

Fig. 7  Alpha and beta diversities of operational taxonomic 
units (OTUs) in Aeriscardovia aeriphila and control groups. 
(a) Abundance-based coverage estimator (ACE) index; 
(b) Chao1 richness (Chao1) index; (c) Coverage; (d) Evenness; 
(e) Shannon index; (f) Simpson index; (g) Principal co-
ordinates analysis (PCoA) of bacterial communities. Data 
are expressed as mean±standard deviation (SD), with n=10, 
and were evaluated by unpaired Student’s t-test (NS: not 
significant; P>0.05).

Fig. 6  Average proportion of each 16S sequence read attributed to each taxon in the control and Aeriscardovia aeriphila 
groups. (a) Species dilution curve based on operational taxonomic units (OTUs); (b) Rank curve based on OTUs; (c) Shannon 
dilution curve.
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Verrucomicrobiaceae, Streptococcaceae, Ruminococ‐
caceae, and Lactobacillaceae, displayed decreased 
abundance in the A. aeriphila group compared to the 
control group (Fig. 9c). Genus-level analysis presented 
more information revealing the overabundance of 
the genera Barnesiella and Phascolarctobacterium in 
A. aeriphila. However, the genera Lactobacillus, Clos‐
tridium IV, Streptococcus, Akkermansia, and Oscilli‐
bacter were abundant in the control group (Fig. 9d).

4 Discussion 

Recent research has shown that probiotics, such 
as Bacillus spp., Lactobacillus spp., and Saccharo‐
myces spp., could improve the growth performance of 
livestock (Cao et al., 2019; Lokapirnasari et al., 2019; 
Massacci et al., 2019). Increasing evidence supports 
the idea that dietary Bacillus subtilis or Bacillus lichen‐
iformis could improve hen growth performance, espe‐
cially in light of the growing interest in probiotics and 
their use in animal research (Bader et al., 2012; Liu 
et al., 2012; Chen and Yu, 2020). In line with this 
research, our findings showed that oral gavage of 
A. aeriphila enhanced growth performance by increas‐
ing the ADG and ADFI, and decreasing the FCR dur‐
ing the feeding phase. A previous study demonstrated 
that Bacillus coagulans, a probiotic, improves growth-
related indicators in chickens and could boost chicken 

immunity and reduce intestinal inflammation. GH, 
3,5,3'-triiodothyronine, thyroxine, and IGF-1 are the 
main hormones needed to sustain adequate growth in 
chickens (Scanes, 2009). In the current study, serum 
GH and IGF-1 levels were determined. The results 
demonstrated that the A. aeriphila group had higher 
levels of serum GH and IGF-1 than the control group. 
Our findings support the judgments of Beckman 
et al. (1998), who discovered a strong and positive 
association between the mean plasma IGF-1 levels 
and the mean growth rates of young Chinook salmon. 
Supplementation of B. coagulans in broiler diets alle‐
viated necrotic enteritis-caused loss in body weight 
gain, as previously described (Khalique et al., 2020). 
Similarly, our research findings revealed that oral 
gavage of A. aeriphila bacteria into Arbor Acre broiler 
chickens for 21 d increased broiler body weight, ADG, 
and FCR considerably compared to the control group.

Oxidative stress, which results from an imbal‐
ance between the production of reactive oxygen spe‐
cies (ROS) and the antioxidant defense system, can 
lead to oxidative damage in broiler chickens. This 
damage can manifest as lipid peroxidation, protein 
oxidation, and DNA damage, ultimately impairing cel‐
lular function and contributing to various pathological 
conditions, including growth retardation, immunosup‐
pression, and reduced meat quality (Surai et al., 2017). 
Antioxidant enzymes are crucial components of the 
animal defense system against oxidative damage caused 

Fig. 8  Taxonomic compositions of gut microbiota in broilers. Gut bacterial taxonomic compositions at the phylum (a), 
class (b), order (c), family (d), and genus (e) levels.
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by an imbalance between ROS production and the 
antioxidant defense system. The primary enzymes in 
the antioxidant system, including GSH-Px, SOD, and 
CAT, play key roles in scavenging ROS (Liu et al., 
2020). In the present study, broilers were administered 
A. aeriphila orally, which led to increases in GSH-Px, 
SOD, T-AOC, and CAT activity, indicating that broiler 
antioxidant capacity might be enhanced. A. aeriphila, 
as a member of Bifidobacteria, is capable of producing 

short chain fatty acids (SCFAs) (Russell et al., 2011). 
Among these SCFAs, butyric acid has been demon‐
strated to stimulate the synthesis of endogenous anti‐
oxidants, which may explain how A. aeriphila im‐
proved antioxidant enzymes directly. We found no 
statistically significant changes in MDA levels when 
A. aeriphila bacteria were administered orally to broil‐
ers, which may be because the dosage and duration of 
A. aeriphila supplementation in our study might not 

Fig. 9  Taxonomic differences between the control and Aeriscardovia aeriphila groups. (a) Cladogram based on the linear 
discriminant analysis (LDA) effect size (LEfSe) showing differentially abundant taxonomic clades with an LDA score 
of >4.0 between the A. aeriphila and control groups. Biomarker taxa are heighted by colored circles, and the circle diameter 
is relative to the abundance of biomarkers. (b) LEfSe between A. aeriphila (red) and control (green). (c, d) Boxplots 
representing the average proportion of each 16S sequence read attributed to each taxon at the family level (c) and at the 
genus level (d) (blue, control samples; red, A. aeriphila samples). Data are represented as mean±standard deviation (SD), 
with n=10, and were evaluated by unpaired Student’s t-test (* P<0.05, ** P<0.01). FC: fold change.
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have been sufficient to elicit a noticeable effect on MDA 
levels. Consistent with our findings, B. coagulans sup‐
plementation in the diet dramatically increased the 
serum SOD and CAT activity in broilers and notice‐
ably decreased the serum MDA content, as previously 
reported (Lin et al., 2014). Thus, A. aeriphila may 
have a role in protecting broilers from oxidative stress-
induced damage, which is a significant factor in how 
well it can enhance meat and poultry production. The 
levels of serum immunoglobulins (IgA, IgG, and IgM) 
were increased following A. aeriphila treatment in this 
study. IgA, IgM, and IgY are important immunologic-
al components in birds, and immunoglobulins have a 
protective function in vivo. IgM was involved in the 
process of acute infection, whereas IgA was involved 
in the mucosal immune response, as previously de‐
scribed (Bian et al., 2016). In line with this, A. aeriphila 
treatment significantly increased the levels of SIgA in 
broiler (duodenum, jejunum, and cecum) intestinal con‐
tents. Similarly, the A. aeriphila group showed signifi‐
cantly higher levels of relative expression of IL-10 and 
IL-4 mRNAs and a markedly reduced level of NF-κB 
mRNA in the intestinal mucosa of chickens, suggesting 
decreased intestinal inflammation. Additionally, we dis‐
covered that the levels of serum IL-10, IL-4, and IL-1 
were higher than those of the pro-inflammatory mol-
ecules IL-6, TGF-β, and IFN-γ in the broilers treated 
with A. aeriphila. According to the aforementioned 
findings, A. aeriphila bacteria may facilitate the regu‐
lation of immunological responses. These findings 
support the following judgments: chickens exhibit 
immunoregulation for B. coagulans, according to pre‐
vious studies (Panda et al., 2005; Bai et al., 2013).

ALT and AST are enzymes primarily found in the 
liver, and their levels in serum can be used to assess 
liver function and possible damage (Thapa and Walia, 
2007). TP and ALB are indicators of the nutritional 
and metabolic status of broilers, with TP reflecting the 
total concentration of serum proteins and ALB being 
the main protein in serum, playing an important role 
in maintaining oncotic pressure and transporting vari‐
ous molecules (Livingston et al., 2020). TBIL is a 
breakdown product of heme and an indicator of liver 
function and bile metabolism (Birbrair et al., 2013). 
In the present study, serum concentrations of ALT, TP, 
ALB, and TBIL were not significantly affected, while 
there was a significant decrease in AST enzyme follow‐
ing A. aeriphila supplementation. These results concur 

with those of Djouvinov et al. (2005), who discovered 
that probiotic treatment had no impact on chicken TP 
concentrations. A significant increase (P<0.05) in the 
serum GLU concentration of the treatment group was 
observed in our investigation compared to the control 
group. This increase could be attributed to a modest 
improvement in lactose absorption and gluconeogene‐
sis, as stated by Das et al. (2005). While Alaqaby et al. 
(2014) claimed that broilers fed probiotics showed no 
changes in blood GLU levels, our results differed from 
their findings. Our findings showed that there was a 
significant difference in the levels of BUN and CRE 
in the A. aeriphila group compared to the control group. 
BUN and plasma CRE were associated with the func‐
tionality and health of the kidneys. Concerning the 
effect of probiotic supplementation on serum TCHO 
and TG, a nonsignificant effect was found between 
A. aeriphila and the control group. Similar findings 
were made by Panda et al. (2006), who discovered 
that dietary supplementation with probiotics compris‐
ing Lactobacillus sporogenes at 100 mg/kg diet signifi-
cantly decreased the levels of blood TCHO and TG. 
The considerable drop in blood TCHO seen in broiler 
hens fed diets supplemented with probiotics may be 
due to decreased gastrointestinal tract TCHO absorp‐
tion and synthesis caused by probiotic supplementation, 
as described by Mohan et al. (1995, 1996). Additionally, 
it was hypothesized that Lactobacillus acidophillus 
lowers blood TCHO by deconjugating bile salts in the 
colon and preventing them from serving as precursors 
for cholesterol synthesis (Abdulrahim et al., 1996). 
Some investigations have shown that dietary supple‐
mentation with Clostridium butyricum has impacts on 
the intestinal microbiota in addition to the effects on 
the intestinal mucosa (Liu X et al., 2018).

In this study, the cecal contents of 21-d-old broil‐
ers were sequenced using bacterial 16S rDNA gene 
amplicon sequencing. Although there were no signifi‐
cant differences between the A. aeriphila and control 
groups in terms of alpha diversity indices, the beta 
diversity results showed a separation, indicating that 
there were some differences in the microbial commu‐
nities between the A. aeriphila and control groups. 
According to the phylum-level classification, Firmicutes 
dominated both groupings. Relative to the control group, 
the A. aeriphila group had a greater Firmicutes con‐
tent. The ability to absorb nutrients has been associated 
with Firmicutes and Bacteroides in digesta. Greater 
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nutritional absorption may result from having more 
Firmicutes in the population labelled by Adalsteins‐
dottir et al. (2018), whereas an increase in Bacteroi‐
des could be the opposite, in line with our findings. 
Further examination of the microbiota at the genus 
level showed that the A. aeriphila group had greater 
relative concentrations of Butyricicoccus, Lactoba‐
cillus, Barnisiella, and Phascolarctobacterium than the 
control group. Butyricicoccus and Phascolarctobacte‐
rium are butyrate-producing bacteria known to have 
anti-inflammatory properties and promote intestinal 
epithelial integrity (Louis and Flint, 2009). The in‐
creased abundance of Butyricicoccus in the A. aeriphila 
group might contribute to improved gut health and im‐
mune function in broilers. Lactobacillus are probiotic 
bacteria that inhibit the growth of harmful bacteria, 
regulate mucosal immunity, and stimulate the produc‐
tion of antimicrobial substances (Hill et al., 2014), 
which might contribute to improving growth perfor‐
mance and immunity in broilers. Barnisiella has been 
reported to produce SCFAs and improve intestinal 
health (Vital et al., 2014). SCFAs can modulate im‐
mune function, improve gut barrier function, and pro‐
vide energy for intestinal cells. In conclusion, oral sup‐
plementation with A. aeriphila led to alterations in the 
microbial community composition, with an increased 
abundance of specific taxa, suggesting a potential posi-
tive impact on the growth and immunity of broilers. 
These bacteria may contribute to improved nutrient 
absorption, metabolism, and immune function by pro‐
moting a balanced gut microbiota, producing SCFAs, 
and inhibiting the growth of harmful bacteria.

5 Conclusions 

In summary, oral administration of A. aeriphila 
contributes to improving the growth performance, 
serum antioxidant capacity, immunological functions, 
and gut health of broilers. In particular, a blooming of 
Firmicutes, particularly from the Anaerotruncus genus, 
was observed in the gut microbiota of broilers. Our re‐
search may support the application of A. aeriphila in 
poultry production to improve the growth performance 
and gut health of broilers.
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