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Enterococcus faecium PNC01 isolated 
from the intestinal mucosa of chicken 
as an alternative for antibiotics to reduce feed 
conversion rate in broiler chickens
Yang He1,2†  , Xuan Liu1†, Yuanyang Dong1, Jiaqi Lei1, Koichi Ito3 and Bingkun Zhang1* 

Abstract 

Background:  The development and utilization of probiotics had many environmental benefits for replacing antibiot-
ics in animal production. Bacteria in the intestinal mucosa have better adhesion to the host intestinal epithelial cells 
compared to bacteria in the intestinal contents. In this study, lactic acid bacteria were isolated from the intestinal 
mucosa of broiler chickens and investigated as the substitution to antibiotic in broiler production.

Results:  In addition to acid resistance, high temperature resistance, antimicrobial sensitivity tests, and intestinal 
epithelial cell adhesion, Enterococcus faecium PNC01 (E. faecium PNC01) was showed to be non-cytotoxic to epithe-
lial cells. Draft genome sequence of E. faecium PNC01 predicted that it synthesized bacteriocin to perform probiotic 
functions and bacteriocin activity assay showed it inhibited Salmonella typhimurium from invading intestinal epi-
thelial cells. Diet supplemented with E. faecium PNC01 increased the ileal villus height and crypt depth in broiler 
chickens, reduced the relative length of the cecum at day 21, and reduced the relative length of jejunum and ileum 
at day 42. Diet supplemented with E. faecium PNC01 increased the relative abundance of Firmicutes and Lactobacillus, 
decreased the relative abundance of Bacteroides in the cecal microbiota.

Conclusion:  E. faecium PNC01 replaced antibiotics to reduce the feed conversion rate. Furthermore, E. faecium PNC01 
improved intestinal morphology and altered the composition of microbiota in the cecum to reduce feed conversion 
rate. Thus, it can be used as an alternative for antibiotics in broiler production to avoid the adverse impact of antibiot-
ics by altering the gut microbiota.
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Background
The excessive use of antibiotics in animal husbandry 
had led to the widespread of antibiotic resistant bacte-
ria and antibiotic resistant genes [1], which had seriously 

threatened the effectiveness of antibiotics and public 
health. Statistics showed the antibiotic consumption 
in animal husbandry was 148  mg/kg poultry, 45  mg/kg 
cattle, and 172  mg/kg pigs [2]. China consumed more 
than 91,000 tons of antibiotics for livestock in 2015 [3]. 
The residual antibiotics contaminated the environment 
with feces [4]. The most effective approach to avoid the 
adverse effects of antibiotics was to reduce the initial use 
of antibiotics. Therefore, the European Union, China and 
India have made policies to ban the use of antibiotics in 
feed [2, 5]. China as the largest consumer of veterinary 
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antibiotics has banned the addition of antibiotics in ani-
mal feed from 2020. The ban on antibiotics reduced the 
animal growth performance, leading to environmental 
pollution caused by nutrients emission with feces and 
urine [6]. Therefore, the development of green and sus-
tainable antibiotic alternatives was particularly important 
to improve the production performance of animal and 
their intestinal health.

Broiler feed conversion rate (FCR) is the rate of feed 
intake to body weight gain [7]. Reducing the FCR was of 
great significance for improving animal production per-
formance and reducing environmental pollution [8, 9]. 
The main purpose of adding antibiotics to feed was to 
promote intestinal health, improve nutrients absorption 
in the gut and prevent pathogenic bacteria infection [10]. 
Colistin sulfate reduced the intestinal wall thickness to 
improve nutrient absorption and reduced FCR [11]. Pro-
biotics would not introduce other hazardous substances 
into the environment like antibiotic substitutes, so they 
had important application prospects. The regulation of 
the intestinal bacterial community through nutrition 
reduced the FCR [12]. Study has showed that Lactobacil-
lus spp. improved the crude protein retention and meat 
quality in animals [13, 14]. Short-chain fatty acids such as 
butyrate produced by intestinal microorganisms fermen-
tation in chickens improved the proliferation of intestinal 
epithelial cells [15]. The development and utilization of 
the existing beneficial microorganisms from the gut had 
great potential to replace antibiotics.

Enterococcus faecium was the first to be used as a pro-
biotic feed additive and permitted by the European Union 
and FDA [16]. Enterococcus faecium has been shown to 
improve the intestinal immunity and the jejunal mucus 
secretion in the broiler chickens [7, 17]. Enterococcus 
faecium improved the resistance to pathogenic bacte-
ria in animals [18, 19]. The poultry gut was rich in lactic 
acid bacteria (LAB), which has be used as an important 
biological resource for the isolation of probiotics [20]. A 
large number of LAB has been isolated from the intes-
tinal contents of animals and been used as probiotics 
through the Man Rogosa Sharpe (MRS) agar medium 
[21, 22]. As the adhesion of probiotics to the intestinal 
epithelium is prerequisite for their function and adhe-
sion colonization has host specificity [19]. The bacteria 
in the intestinal mucosa should be paid more attention 
because they have better adhesion ability than bacteria 
in chyme. The feeding effect of homologous probiotics 
is better than heterologous probiotics [23]. Therefore, it 
is necessary to systematically evaluate the effects of iso-
lated potential probiotics from the homologous intestinal 
mucosa on growth performance and intestinal microbi-
ota in broiler chickens.

Therefore, the purpose of this study was to isolate 
and identify LAB from the intestinal mucosa of broiler 
chickens and to select probiotics with the potential to 
alternative antibiotics through in  vitro evaluation. The 
biological function of the bacteria was predicted through 
draft genome sequencing. The effects of the selected bac-
teria on the growth performance, intestinal morphology, 
immune organs and intestinal bacteria in broiler chick-
ens, providing new applications for the use of microbial 
resources instead of antibiotics.

Results
Isolation of LAB
All LAB species obtained from gut of broiler chicken 
were identified by V1–V9 region sequencing of 16S 
rDNA. A total of 70 LAB from the species of Pediococ-
cus pentosaceus, Lactobacillus salivarius, L. reuteri, and 
Enterococcus faecium were obtained. Among them, 13 
strains were isolated from Pediococcus pentosaceus, 55 
strains were isolated from Lactobacillus salivarius, 1 
strain was isolated from Lactobacillus reuteri and 1 strain 
was isolated from Enterococcus faecium. The characteris-
tic morphologies of colony and cell of isolated LAB are 
showed in Additional file 1: Table S1.

Tolerance to Acid, High Temperature and Antimicrobial 
Susceptibility Assay
On the bases of proliferation efficacy (Additional file  1: 
Table S1), six strains (2 strains of Pediococcus pentosaceus 
(P. pentosaceus) named P. pentosaceus 1 and P. pentosa-
ceus 2, 2 strains of Lactobacillus salivarius (L. salivarius) 
named L. salivarius 1 and L. salivarius 2, 1 strain of Lac-
tobacillus reuteri (L. reuteri) and 1 strain of Enterococcus 
faecium named E. faecium PNC01) were selected for fur-
ther analysis. In the tolerance to acid, the L. reuteri lost 
viability at pH 2 for 4.5  h (Fig.  1A). In the tolerance to 
high temperature, after treatment at temperature of 70 
℃, L. salivarius2 and L. reuteri lost viability, and L. sali-
varius1 and P. pentosaceu2 only survived 3.3% and 9%, 
respectively (Fig.  1B). Based on the result of tolerance 
to acid and heat, P. pentosaceus1, L. salivarius1, L. sali-
varius2 and E. faecium PNC01 were selected for further 
analysis, considering the loss of viability of L. reuteri and 
L. salivarius2 after exposure to pH 2 and temperature 70 
℃.

P. pentosaceus 1 was the most sensitive to antibiotics, 
showed resistance toward 10 antibiotics, and was sensi-
tive to 6 antibiotics (Fig. 1C). The L. salivarius 2 exhib-
ited strong antibiotic resistance, was able to resist 17 
antibiotics and was sensitive to only 1 antibiotic (Fig. 1C). 
Based on the result of antimicrobial susceptibility assay, 
P. pentosaceus1 and E. faecium PNC01 were selected 
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for further analysis, considering they were sensitive to 
antibiotics.

Adhesion test and safety assessment
The adhesion rates of the selected bacteria to intestinal 
epithelial cell are showed in Fig.  2. The adhesion effi-
ciency of E. faecium PNC01 was significantly higher than 
that of P. pentosaceus1, and their adhesion efficiency 
was 74.3% and 27.3%, respectively (Fig.  2A). Further, 
the cytotoxicity of selected strain was tested, the lactate 
dehydrogenase activity in Caco-2/E. faecium PNC01 co-
culture supernatant was lower than Caco-2 individually 
cultured control group. The E. faecium PNC01 was safe 
to be tested in an animal study (Fig. 2B). The E. faecium 

PNC01 had different antibacterial activities against the 
detected pathogenic bacteria, especially it had the highest 
antibacterial activity to Salmonella typhimurium and the 
least antibacterial activity to Escherichia coli (Fig. 2C). At 
the same time, E. faecium PNC01 significantly inhibited 
the invasion of Salmonella into intestinal epithelial cells 
(Fig. 2D).

Draft genome sequence of E. faecium PNC01
A total of 7,647,355 paired-end raw reads with 1.14G 
bases were generated. Then 7,450,427 paired reads with 
1.12G bases of clean data were retained through remov-
ing the adapter sequences and filtering the low-qual-
ity data. The genome length of E. faecium PNC01 was 
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Fig. 1  The survival rate of isolated lactic acid bacteria to pH (A) and temperature (B). The inhibitory zone diameter of isolated lactic acid bacteria to 
antibiotics susceptibility (C), and the susceptibility area were performed according to Clinical and Laboratory Standards Institute



Page 4 of 14He et al. Microb Cell Fact          (2021) 20:122 

2,186,577 bases with a G + C content of 38.1%, contained 
2463 genes about 85.4% of genome. A total of 41 tRNA 
genes and 3 rRNA operons gene were predicted from 
the contigs. The phylogenetic tree analysis showed that 
E. faecium PNC01 was significantly different from other 
known Enterococcus faecium (Additional file  1: Figure 
S1), and the secondary metabolite prediction analysis 
showed that the E. faecium PNC01 could synthesize bac-
teriocin. The subsystem description of E. faecium PNC01 
showed it had metabolic function (Additional file 1: Fig-
ure S2). The isolated bacterium encoded no pathogenic-
ity island or other virulence determinants by predicting 
the genome draft.

Growth performance and feed intake of broiler chickens
The effects of antibiotics and E. faecium PNC01 on the 
growth performance and feed intake in broiler chickens 
are presented in Fig.  3. The antibiotics and E. faecium 
PNC01 had no effect on the feed intake and growth per-
formance regardless of the growth stage. At day1-21, 

compared with the control group (CON), dietary sup-
plement with antibiotics or E. faecium PNC01 at low 
(1 × 108  CFU/kg feed) and medium (1 × 109  CFU/kg 
feed) levels significantly reduced FCR in broiler chickens. 
At day 1–42, antibiotics and medium groups reduced 
FCR, while high (1 × 1010 CFU/kg feed) or low groups did 
not significantly reduce FCR.

The relative length of the jejunum and ileum in control 
group on day 42 was significantly shorter than that in 
other groups (Fig. 4). Adding antibiotics and E. faecium 
PNC01 significantly reduced the relative length of the 
cecum on day 21 (Fig. 4D). There was no significant dif-
ference in the immune organs (thymus, spleen and bursa 
of fabricius) indexes among the treatment groups (Addi-
tional file 1: Table S2).

Intestinal morphology
The effects of antibiotics and E. faecium PNC01 on 
intestinal morphology are showed in Fig.  5. At day 21, 
the jejunal villus height in the antibiotics and the high 

Fig. 2  The Adhesion rate of P. pentosaceus1 and E. faecium PNC01 to Caco-2 cell line (A). The effects of E. faecium PN01 on the lactatede 
dehydrogenase activity (B). Antibacterial activity of bacteriocins against pathogenic bacteria (C). Enterococcus faecium PN01 inhibited Salmonella 
typhimurium from invading intestinal epithelial cells. ** indicated very significant difference (P < 0.01)
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groups was significantly higher than that in the low group 
(Fig.  5A). At day 21, the ileal villus height in the low 
group was higher than that in the other groups except 
for the medium group (Fig. 5B). The crypt depth in the 
low group was higher than that in the antibiotics and the 
high groups, and the antibiotics group was lower than the 
medium group (Fig.  5C). At day 42, the crypt depth in 
the antibiotics group was lower than that in the medium 
and high groups, and the medium group was significantly 
higher than the CON group (Fig. 5D). At day 42, the V/C 
in the antibiotics group was significantly higher than that 
in the CON, medium and high groups (Fig.  5E). Other 
intestinal morphologies with insignificant differences are 
shown in Additional file 1: Figure S3.

The effect of dietary treatment on the content of LAB 
in the intestinal chyme and mucosa of chicken is pre-
sented in Fig.  6. At day 21, the ileal mucosa LAB num-
ber in the medium group was significantly higher than in 
the other groups (Fig.  6A). However, the difference was 
not significant at 42 day (Fig. 6B). The cecal chyme LAB 
content in the E. faecium PNC01 groups was higher than 
that in the CON and the antibiotics groups (Fig. 6C). At 
day 42, the cecal chyme LAB number in the antibiotics 

group was significantly lower than the E. faecium PNC01 
added groups (Fig.  6D). The number of other intestinal 
LAB with insignificant differences is shown in Additional 
file 1: Figure S4.

16sDNA sequencing of cecal bacteria
The cecal bacterial community in the medium and the 
CON groups were sequenced and compared as the 
medium group achieved better antibiotic replacement 
effects. A total of 364,566 sequencing reads from 17,608 
to 52,647 tags per sample were obtained after demulti-
plexing and quality filtering. The sequences were clus-
tered into 856 OTUs at 97% sequencing identity. The 
alpha diversity indexes in the two groups had no sig-
nificant difference (Fig.  7A). The Venn chart showed 
that there were 2730 OTUs of microorganisms shared 
between the two groups. The unique OTUs in the control 
group and the medium group were 848 and 1278 respec-
tively (Fig.  7B). This showed that the two groups had 
huge differences in the composition of the bacteria.

At phylum level, Bacteroidetes, Firmicutes, and Pro-
teobacteria were the predominant bacteria, account-
ing for 55.1%, 41.9%, and 2.5%, respectively (Fig.  7C). 

Fig. 3  Effect of Antibiotics and E. faecium PNC01 on the production performance of broiler chickens. The effect of dietary treatment on the feed 
intake (A) and body weight (B) of broilers was not significant, but the antibiotics group (red *) and the medium-dose E. faecium PNC01 group 
(purple *) can significantly reduce the feed conversion rate (C), compared with the control group
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Fig. 4  Effect of antibiotics and E. faecium PNC01 on the relative length of duodenum (A), jejunum (B), ileum (C) and cecum (D) on day 21 and 42 of 
broiler chickens. * indicated significant difference (P < 0.05)

Fig. 5  Effect of antibiotics and E. faecium PNC01 on jejunal and ileal morphology of broiler chickens. * indicated significant difference (P < 0.05). V/C: 
The ratio of Villus height to Crypt depth
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The relative abundance of Bacteroidetes in the CON 
group was significantly higher than that in the CON 
group, while the relative abundance of Firmicutes in the 
medium group was significantly higher than that in the 
CON group. but the relative abundance of Proteobacteria 
had no difference between the two groups.

At genus level, Bacteroides spp., Alistipes spp., and 
Barnesiella spp. were the major predominant genera 
accounting for 28.2%, 13.3%, and 12.3%, respectively 
(Fig.  7D). Alistipes spp. was higher in the CON group 
as compared to medium group, whereas Barnesiella 
spp. was significantly lower in CON group as compared 
with the medium group. Lactobacillus was dominant 
genus in medium group, which was significantly higher 
in medium group as compared to the CON group. The 
principal coordinate analysis (PCoA) of the weighted uni-
frac distance metric and non-metric multi-dimensional 
scaling (NMDS) analysis indicated that cecal bacterial 

community between the two groups was difference as 
presented in Fig. 7E and F.

Discussion
Understanding the effects of feeding practices on animal 
health, growth performance, and gut microbiota using 
alternatives (such as probiotics) is important for strate-
gies to reduce antibiotic use in poultry production and 
for reducing environmental pollution. Environmental 
microorganisms had huge diversity, and the development 
and utilization of these microorganisms had great poten-
tial for sustainable agricultural development and green-
friendly production [24].

The temperature of feed up to 70 ℃ during processing, 
and the pH value of glandular stomach in poultry is about 
2. The tolerances to extreme environmental conditions 
like high temperature and low pH were indispensable for 
probiotics to perform probiotic functions [25]. Probiotics 

Fig. 6  Effect of antibiotics and E. faecium PNC01 on the intestinal lactic acid bacteria of broiler chickens. The number of lactic acid bacteria in the 
ileal mucosa at day 21 (A) and 42 (B). The number of lactic acid bacteria in colon chyme at day 21 (C) and 42 (D). * indicated significant difference 
(P < 0.05)

Fig. 7  The effects of intestinal bacterial community on the cecal bacterial community diversity indexes of chao1, observed_species, PD_whole_
tree, and Shannon (A). Venn diagramof the OTUs (B). The effects of intestinal bacterial communities on the relative abundances of ceccal bacteria at 
the phylum level (C) and genus level (D). Principal component analysis (PCA) of cecal bacteria communities based on weighted UniFrac distances 
(E). Non-metric multi-dimensional scaling (NMDS) analysis of cecal bacteria (F)

(See figure on next page.)
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with high heat resistance were conducive to industrial 
processing, storage and transportation [26]. Survival of 
probiotics in the acidic environment of the gastrointes-
tinal tract was a precondition for probiotics survive pass-
ing through the stomach [27]. In this study, the genus 
of P. pentosaceus and E. faecium had the potential to be 
used as probiotics in previous reports [28].

Large-scale broiler farming has aggravated the spread 
of antibiotic resistant bacteria, leading to a gradual 
decrease in the antibiotic sensitivity of pathogenic bac-
teria [29]. Previous study has reported Bacillus probiot-
ics posed a potential risk into probiotic species from the 
genus Bacillus as it contained antimicrobial resistance 
genes [30]. Therefore, the selection of probiotics should 
consider their antibiotics sensitivity to avoid introduce 
resistance genes into the host gut. The selected probiot-
ics were found to resistant multiple antibiotics in pre-
sent study. The diameters of inhibitory zone of LAB for 
aminoglycosides and penicillins were larger than that of 
tetracyclines, chloramphenicols, macrolides, β-lactams 
and cephalosporins. Those results were consistent with 
previous study that LAB were resistant to aminoglyco-
sides and penicillins [31]. P. pentosaceus1 and E. faecium 
PNC01 were selected for the further step analysis as they 
had a higher sensitivity to antibiotics.

The adhesion of probiotics to intestinal epithelial cells 
can exert probiotic functions in a variety of ways. Such 
adhesion competitively inhibited the adhesion of patho-
genic bacteria to the host intestine epithelia, and the bar-
rier formed by the adhesion of probiotics reduced the 
invasion of pathogenic microorganisms [32]. The adhered 
LAB to the intestinal epithelial cells of chickens and pigs 
reduced the invasion of Campylobacter [19]. E. faecium 
synthesized a bacteriostatic agent which prevented the 
tight junction disruption caused by Listeria monocy-
togenes and improved the immune function of intestinal 
epithelial cells [33]. Probiotics’ adhesion to intestine epi-
thelia was a precondition for their growth and function in 
the gut. In this study, the adhesion of E. faecium PNC01 
was 2.7 times of P. pentosaceus1. Intestinal epithelial cell 
injury increased the lactate dehydrogenase activity in the 
supernatant [34]. E. faecium PNC01 reduced extracellular 
lactate dehydrogenase activity, indicating that it reduced 
cell damage and was safe for intestinal cells. Therefore, 
the E. faecium PNC01 was finally chose to instead of anti-
biotics in animal study.

The draft genome sequence of E. faecium PNC01 
showed it had full metabolic function. Study has showed 
that the genome length of LAB was 1.8–3.35Mbp, and 
the percentage of C + G was usually less than 50% [35], E. 
faecium PNC01 also had the similar characteristics. The 
secondary metabolite prediction analysis indicated that 
it synthesized bacteriocin and had potential probiotic 

effects [36]. This was confirmed by the ability of bacte-
riocin activity to inhibit the growth of tested pathogenic 
bacteria.

In the animal study, the reduced FCR in the antibiotic 
supplement group and the E. faecium PNC01 group indi-
cated that that adding antibiotics or E. faecium PNC01 in 
diet of chicken produced more chicken meat when con-
sumed the same amount feed. Reducing FCR effectively 
increased energy conversion and protein deposition 
[37]. Study has showed that a lower FCR had an impor-
tant role in promoting the sustainable development of 
animal husbandry and reducing environmental pollu-
tion [9]. General, a lower feed intake in broiler chickens 
can reduce FCR. However, the mechanism of antibiotics 
and E. faecium PNC01 reduced FCR in this study may 
through other approaches. Because they had no signifi-
cant difference on feed intake and growth performance. 
At the same time, based on the production indexes, it 
can be concluded that adding E. faecium PNC01 at con-
centration 1 × 109 CFU/kg feed replaced antibiotics and 
reduced the impact of antibiotics and their metabolites 
on the environment.

The intestine is the main tissue for nutrients digestion 
and absorption, and its development directly affects the 
growth performance of animals. Study has shown that 
intestinal epithelial area was positively related to the 
nutrient digestion and absorption. Probiotics reduced 
the intestinal length, reduced the consumption of nutri-
ents and energy by the intestinal tissue itself, and then 
reduced the FCR [38]. Poor nutrient absorption com-
pensatory increased the growth of the intestine. There-
fore, the addition of antibiotics increased the absorption 
rate per unit intestinal length. Although a longer intesti-
nal length was beneficial to the digestive and absorption 
functions of animals, the digestive and absorption func-
tions mainly depended on the morphological structure 
of the intestine [39]. Therefore, the decrease in intestinal 
length and the increase in production performance were 
not contradictory. The mechanism needs further research 
and verification. In addition, the addition of antibiotics 
and probiotics had no significant effect on the immune 
organ (thymus, spleen and bursa of fabricius) indicators 
of chickens, indicating that they did not adversely affect 
broiler chickens.

The intestinal morphology had a decisive influence 
on the intestinal epithelial area, and the raised villus 
greatly increased the surface area of intestinal epithe-
lium that increased nutrient absorption [40]. E. faecium 
PNC01 reduced FCR by increasing the villus height of 
the intestinal epithelium, which was consistent with the 
previous results that LAB increased the villus surface 
area [13]. The intestinal crypts mainly secreted diges-
tive enzymes, and the crypts became shallower in depth 
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after differentiation and maturation. Increasing the V/C 
was benefit to improve intestinal function [11]. In our 
study, the antibiotics reduced feed conversion mainly by 
increasing intestinal secretion. The previous results also 
proved that the antibiotics mainly increased the V/C to 
make the intestinal wall thinner and to improve absorp-
tion [41].

There were a variety of LAB in the intestine of broiler 
chickens and other animals. The probiotic effect of LAB 
was main to reduce the number of intestinal patho-
genic bacteria and improv the intestinal morphology. It 
reduced the number of E. coli and Campylobacter in the 
gut [19]. In vivo and in vitro studies have shown that it 
improved the tight junctions between the intestinal epi-
thelial cells, reduced the permeability of intestinal epi-
thelial cells and thus inhibited the invasion of pathogenic 
bacteria [21, 42]. In vitro studies had shown that E. fae-
cium PNC01 inhibited Salmonella from invading intes-
tinal epithelial cells and had the activity of inhibiting a 
variety of pathogenic bacteria. In this study, the addition 
of E. faecium PNC01 to animal feed increased the con-
tent of LAB in the ileal mucosa and cecal chyme, indicat-
ing that this bacterial strain had a good ability to adhere 
and colonize.

Microorganisms were of great significance in pro-
moting the sustainable development of agriculture 
[43]. Intestinal microorganisms as the largest source of 
microorganisms in the animal body, played an impor-
tant role in improving feed utilization efficiency and 
reducing fecal emissions [44]. E. faecium PNC01 had 
no effect on the alpha diversity indexes of the cecal 
bacteria, indicating that the bacteria had no effect on 
the number of OTUs present of the intestinal bacteria. 
Previous studies have shown that adding probiotic in 
a non-pathological state did not significantly improve 
the diversity of intestinal microbiota and the steady 
state of the intestinal environment, which was consist-
ent with this results [45, 46]. Bacteroidetes and Fir-
micutes have been reported to be the main dominant 
bacteria in the gut of poultry [11]. In this study, E. fae-
cium PNC01 increased the relative abundance of Firmi-
cutes, which can promote host energy metabolism. This 
also explained that E. faecium PNC01 reduced FCR in 
broilers. Study has shown that Alistipes spp. promoted 
energy metabolism in high fat diets [47], which was 
consistent with the result in this study. The increase of 
Lactobacillus spp. in lieal mucosa was also in meet with 
the expected results that feed supplementation with 
adhesive Enterococcus faecium increased the number 
of Lactobacillus spp. in this study. Although feeding E. 
faecium PNC01 did not cause it to become the domi-
nant bacteria, it mainly improved the probiotic effect 
by increasing the relative abundance of Lactobacillus 

spp. Therefore, E. faecium PNC01 regulated the intes-
tinal microenvironment to reduce the FCR of broiler 
chicken and achieved the effect of replacing antibiotics.

Conclusions
Overall, E. faecium PNC01 isolated from broiler intes-
tinal mucosa was selected as a substitute for antibiot-
ics in broiler chicken feed. Diets supplementary with E. 
faecium PNC01 at 1 × 109  CFU/kg feed had the same 
effect with antibiotics that they reduced FCR in broiler 
chickens. E. faecium PNC01 increased intestinal vil-
lus height, crypt depth, and LAB number in the ileal 
mucosa. In the intestinal bacteria, E. faecium PNC01 
increased the relative abundance of the Firmicutes 
phylum. This study provided a practical basis for the 
development and use of probiotics instead of antibiot-
ics in poultry farming to reduce the FCR by altering the 
intestinal microbiota.

Methods
Isolation of LAB
A 21-day-old male Cobb broiler chicken with the larg-
est body weight (835 g) in the cage was selected for the 
isolation of bacteria at October 2014. All the broil-
ers were raised at the Zhuozhou Poultry Experimental 
Farm of China Agricultural University in Dongcheng-
fang Town, Zhuozhou City, Hebei Province (115°51′50′′ 
E, 39°28′37′′ N). The jejunal, ileal and cecal segments of 
broiler chickens were thrown longitudinally and washed 
three times in sterilized phosphate buffered saline (PBS) 
to remove the contents. The intestinal epithelial mucosa 
was scraped by a glass slide and placed in a sterile centri-
fuge with the sterilized phosphate buffered saline (PBS), 
then settled for 30  min after shaking. The supernatant 
was collected and serially diluted ten-fold using PBS from 
10–1 to 10–10. Then 100 μL of each diluted sample from 
10–4 to 10–10 was plated onto the MRS agar medium and 
cultured in incubator at 37 ℃ for 48 h to get single colo-
nies. The single colonies with different morphology were 
selected randomly from the petri dish and inoculated in 
the sterilized MRS liquid medium at 37 ℃ for about 12 h 
to get a different strain. The bacterial liquid was streaked 
to the MRS agar medium using the sterilized inocula-
tion loop to get a single colony, the petri dishes were put 
upside down into the incubator at 37 ℃ for 48  h, thus 
completed one purification. Then, one well-isolated col-
ony was inoculated in the sterilized MRS liquid medium 
at 37 ℃ for about 12 h to complete the isolation of col-
ony purified bacteria. The optical density of the bacterial 
solution at 600 nm was measured to represent the prolif-
eration of bacteria.
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Tolerance to acid, high temperature and antimicrobial 
susceptibility assay
The bacteria liquid with the same amount was inocu-
lated in MRS at pH 2.0 for 4.5 h, or at pH 3.0, 3.5, and 
4.0 for 8 h, respectively. The culture temperature was uni-
formly set at 37 ℃. Then the bacterial liquids were serially 
diluted to count on the MRS agar plates. The viable bac-
teria were expressed as the percentage of colony forming 
unit (CFU) at normal pH of 6.5.

The activated LAB liquid with the same amount of 
10  mL was inoculated in MRS at 60, 70, and 80 ℃ for 
160  s. while the control group had the same volume at 
37 ℃. Then the bacterial liquids were serially diluted to 
count the number of viable bacteria. The viable bacte-
ria were expressed as the percentage of CFU to control 
group.

A total of 20 different antibiotics frequently used in 
broiler chickens production were used in antimicrobial 
sensitivity trials by the disc plate method, and the suscep-
tibility results were performed according to Clinical and 
Laboratory Standards Institute M100-S25 [48]. The bac-
teria were evenly inoculated in MRS agar plates, and the 
antibiotic disc was placed on the plate. The diameter of 
the inhibitory zones was measured after 48 h of culture at 
37 ℃ in the incubator.

Adherence, internalization and safety assays
The Caco-2 cells were inoculated on to cell culture plates 
and cultured in an incubator at 37 ℃ until they were full 
of single-layer cells. After that, the culture medium was 
replaced with a fresh medium containing live bacteria at 
1 × 108 CFU/mL, the supernatant of the medium was col-
lected after 4.5  h of culture. The lactate dehydrogenase 
in the medium was measured using the lactate dehydro-
genase kit (Nanjing Jiancheng Bioengineering Institute, 
Jiangsu, China). The lactate dehydrogenase activity was 
normalized according to the protein concentration of the 
supernatant.

The live bacteria were inoculated on the already con-
fluent Caco-2 cells. Bacteria and cells were co-cultured 
for 3 h and the non-adhered bacteria were washed with 
PBS. The cells were then digested with trypsin and were 
serially diluted. Then the adhered bacteria were plated 
on MRS agar medium to count the number of viable 
bacteria. The adhesion rate was calculated based on the 
number of live bacteria as a percentage of the number of 
Caco-2 cells.

The Caco-2 cells were used for binding and inter-
nalization (gentamicin protection) assays as previously 
described. Briefly, 105 cells per well were seeded in a 
24-well plate. When the cells were confluent, the medium 
was changed to antibiotic-free medium and cultured for 
12 h. The cells were co-cultured with E. faecium PNC01 at 

multiplicity of infection of 100 for 3 h, then the cells were 
washed with PBS three times to remove non-adherent E. 
faecium PNC01. Salmonella typhimurium was diluted in 
cell culture medium with a multiplicity of infection of 50 
and co-cultured with the cells for 30 min. The cell wells 
were washed three times with PBS to remove non-inter-
nalized bacteria. Subsequently, the cells were cultured for 
2 h in a fresh medium containing gentamicin at 100 μg/
mL to kill extracellular bacteria, and then the concentra-
tion of gentamicin was changed to 10 μg/mL to restrict 
the growth of extracellular bacteria until the sample was 
collection. Infected cells were collected by PBS contain-
ing 0.1% (v/v) Triton-X100. Infected bacteria in the cells 
was counted by plating and counting using Xylose Lysine 
Deoxycholate Agar medium.

Bacteriocin activity determination
The agar diffusion bioassay was modified to determine 
the selected bacterial bacteriocin activity.

After a single colony was expanded and cultured for 
24  h, the supernatant was separated by centrifugation 
at 14,000 g for 5 min. The supernatant was filtered with 
a 0.22 um filter membrane and adjusted to pH 6.0 with 
sterile 1 M hydrochloric acid or 1 M sodium hydroxide to 
eliminate the inhibitory effect of organic acids on patho-
genic bacteria. Subsequently, the supernatant was treated 
with 1 mg/mL catalase at 25 ℃ for 30 min to remove the 
inhibitory effect of hydrogen peroxide on bacteria. Five 
pathogenic bacteria were used to detect the bacteriocin 
activity of E. faecium PNC01, including Staphylococcus 
aureus ATCC-26003, Escherichia coli CICC10899, Sal-
monella enterica WX29, Salmonella typhimurium SL344 
and Salmonella pullorum C79-13. The pathogenic bacte-
ria were inoculated on LB agar culture plate at 105 CFU/
mL. 50ul of the supernatant and its twofold dilution were 
added to the Oxford cup placed on the culture plate. The 
antibacterial activity (AU) of bacteriocins is defined as 
2n × 1000 μL/50 μL, where n is the reciprocal of the high-
est dilution of supernatant that inhibited the pathogenic 
bacteria. Detailed steps bacteriocin activity was deter-
mined by the previous description [49].

Identification of LAB
The DNA of the selected bacteria was extracted by DNA 
Extraction Kits (Tiangen Biochemical Technology Co., 
Ltd., Beijing, China) according to the instruction of man-
ufacturer. The V1–V9 region of the 16S rRNA gene was 
amplified by PCR using universal primers (27F: 5’-AGA​
GTT​TGA​TCC​TGG​CTC​AG-3’ and 1525R: 5’-AGA​AAG​
GAG​GTG​ATC​CAG​CCC-3’). The reaction conditions 
for PCR were 95 ℃ for 5  min, followed by 35 cycles at 
90 ℃ for 30 s, 60 ℃ for 30 s and 72 ℃ for 90 s. The PCR 
products were sequenced by Sangon Biotech Co., Ltd. 
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(Shanghai, China). The data were matched with the avail-
able data in GenBank.

Draft genome sequence of bacterium
The genomic DNA isolated from E. faecium PNC01 for 
animal study was sequenced on the HiSeq4000 (Illumina, 
Inc., San Diego, CA) to generate paired-end 150 bp reads. 
The adapter sequences in the raw reads were trimmed 
using Trimmomatic v0.36 [50]. De novo assembly was 
performed using SPAdes [51]. The no-cording RNA was 
predicted using RNAmmer1.2 [52]. Gene functional 
annotation was carried out using prokka [53] and Gene 
Ontology with Pfam2go [54]. The metabolism prediction 
was analyzed by the antiSMASH 3.03 [55].

Dietary processing and animal experimental design
The isolated E. faecium PNC01 was inoculated in the 
MRS medium at 37 ℃ for 48  h. The mix of arabic glue 
and skimmed milk powder with 1:1 ratio was added into 
the bacterial liquid at 200 g/L. Then the liquid was spray 
dried to get the bacterial powder. The final number of live 
bacteria in the powder was 5 × 109 CFU/g.

The animal study was permitted by Chinese Agricul-
tural University Laboratory Animal Welfare and Ani-
mal Experimental Ethical Committee (Approval number 
AW16109102-1). A total of 400 male one-day old Cobb 
broiler chickens were randomly assigned into 5 treat-
ment groups and each group received one of the fol-
lowing 5 diets: control diet without addition (CON), 
control diet containing antibiotics of colistin sulfate at 
40 mg/kg and zinc bacitracin at 20 mg/kg (Antibiotics), 
control diet containing low-dose of E. faecium PNC01 
at 1 × 108  CFU/kg feed (Low), basal diets containing 
median-dose of E. faecium PNC01 at 1 × 109  CFU/kg 
feed (Medium), and basal diets containing high-dose of 
E. faecium PNC01 at 1 × 1010 CFU/kg feed (High). Every 
group had 8 replicate cages with 10 chickens per replicate 
pen. The composition of the control diet and nutrient 
levels are showed in Additional file 1: Table S3.

Sample collection
The body weigh was measured at day 1, 7, 14, 21, 28, and 
42, respectively, and the feed intake was recorded at day 
7, 14, 21, 28, and 42. Eight broiler chickens were ran-
domly selected for each treatment group that one chicken 
per repeating cage at day 21 and 42. The length of the 
duodenum, jejunum, ileum, and cecum was measured. 
The thymus, spleen and bursa of fabricius was weighed. 
The contents of each intestinal section were collected and 
stored at − 80 ℃ for future analysis. The mucous of each 
intestinal segment was scraped with glass slide. About 
0.5 cm of each intestinal section was taken and fixed in 

4% (w/v) paraformaldehyde solution for observation of 
intestinal morphology.

Jejunal and ileal morphology
The fixed jejunal and ileal tissue was dehydrated by gradi-
ent ethanol and embedded in paraffin. The tissue was cut 
into 0.5 μm thickness. For each animal, ten villus height 
and crypt depth of each jejunum and ileum were meas-
ured by a light microscope. At the same time, their ratio 
of villus height to crypt depth was calculated.

16sDNA sequencing of intestinal bacteria and data analysis
On day 21, five chickens were randomly selected from 
the CON and the Medium groups, and the cecal contents 
were collected and stored at − 80 ℃ after rapid freezing 
by liquid nitrogen. The DNA from the cecal contents was 
isolated by DNA Extraction Kits (Tiangen Biochemical 
Technology Co., Ltd., Beijing, China). The V3–V4 region 
amplication of the 16S rRNA gene was performed using 
the following primers 338F: 5’-ACT​CCT​ACG​GGA​GGC​
AGC​AG-3’ and 806R: 5’-GGA​CTA​CHVGGG​TWT​
CTAAT-3’. Each sample was labeled with a specific bar-
code via PCR. All the samples were mixed with an equal 
amount of PCR product to create a library. The sequence 
was carried out by PE300 on an Illumina MiSeq platform. 
The sequences data were analyzed using the Quantita-
tive Insights Into Microbial Ecology V1.9 (QIIME). The 
detailed process for diversity indices and PCoA analy-
sis were referred to the previous method [11]. All the 
16  s rRNA gene sequencing data are submitted to the 
Sequence Read Archive at NCBI under the BioProject 
number PRJNA627372.

Statistical analysis
The data were analyzed using one-way ANOVA pro-
cedure of SAS 9.0 software. The significant differences 
among the five treatment groups were compared using 
Duncan’s multiple comparison test and the significant 
level was set at P < 0.05.
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