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Abstract

Aims: Sub-therapeutic use of antibiotics as a growth promoter in animal diets has either been banned or voluntarily withdrawn from use in many
countries to help curb the emergence of antibiotic-resistant pathogens. Probiotics may be an alternative to antibiotics as a growth promoter.
We investigated the effects of a novel probiotic strain, Bacillus amyloliquefaciens H57 (H57) on the performance and microbiome-associated
metabolic potential.

Methods and Results: Broiler chickens were fed either sorghum- or wheat-based diets supplemented with the probiotic H57. The growth rate,
feed intake, and feed conversion in supplemented birds were compared with those in non-supplemented control. Caecal microbial metabolic
functions were studied with shotgun metagenomic sequencing. H57 supplementation significantly increased the growth rate and daily feed
intake of meat chickens relative to the non-supplemented controls without any effect on feed conversion ratio. In addition, relative to the non-
supplemented controls, gene-centric metagenomics revealed that H57 significantly altered the functional capacity of the caecal microbiome,
with amino acid and vitamin synthesis pathways being positively associated with H57 supplementation.

Conclusions: Bacillus amyloliquefaciens H57 improves the performance of meat chickens or broilers and significantly modifies the functional
potential of their caecal microbiomes, with enhanced potential capacity for amino acid and vitamin biosynthesis.

Significance and impact of the study:

This study explored the impact of Bacillus amyloliquefaciens H57 on poultry productivity and microbiome functions.
A feed supplement like H57, with the ability to enhance weight gain through modulation of intestinal microbial functions, has the potential to be
an alternative to antibiotic growth promoters and provide substantial benefits to the poultry industry.

Keywords: bacillus amyloliquefaciens h57, probiotic, alternative to antibiotic growth promoters, metagenomic shotgun sequencing, microbiome, broilers,
chickens

Introduction and control or prevent enteric pathogens (El Jeni et al. 2021,
Krysiak et al. 2021, Shini and Bryden 2022).
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composition of the resident chicken intestinal microbiota, as
well as the effect of probiotics on community structure, are
highly variable (Stanley et al. 2013, Oakley et al. 2014, Pan
and Yu 2014, Waite and Taylor 2014, Mancabelli et al. 2016).
Furthermore, studying microbiota with 16S rRNA gene se-
quencing has some limitations due to multiple copies of mark-
ers in many species, choice of several variable regions and
distinct primers making studies difficult to compare, differ-
ent analysis pipelines and taxonomic databases (Bajagai et al.
2022). Instead, a shotgun metagenomic sequencing approach
can give more reliable information about the microbiota pro-
file and its function (Durazzi et al. 2021).

Bacillus amyloliquefaciens strain H57 (HS57) is a spore-
forming member of the Firmicutes phylum isolated from
lucerne leaf (Medicago sativa) and initially selected for its abil-
ity to prevent mould development in hay (Brown and Dart
2003). This strain increased nitrogen retention in ewes fed
HS57-treated hay (Brown and Dart 2003), improved the per-
formance of pregnant ewes fed H57 inoculated pellets, (Le
et al. 2017) and reduced the incidence of diarrhoea in dairy
calves (Le et al. 2017). This probiotic improved intestinal mu-
cosa integrity and alleviated subclinical necrotic enteritis in
chickens (Shini et al. 2020).

Here, we compared the effects of wheat and sorghum-based
diets with or without H57 on the performance and intesti-
nal microbiome of broiler chickens. These cereals are the pri-
mary dietary energy sources in the Australian poultry industry.
We studied the impacts of diet and H57 supplementation on
the composition and functional capacity of microbial com-
munities associated with the caecum using shotgun metage-
nomic sequencing. The Caecum is the most populous com-
partment of the GIT (Apajalahti et al. 2004, Bjerrum et al.
2006, Sergeant et al. 2014) and the main site of microbial fer-
mentation of undigested carbohydrates into short-chain fatty
acids (Annison et al. 1968, Jozefiak et al. 2004). We tested the
hypothesis that H57 supplementation would increase chicken
productivity and alter the functional capacity of the caecal mi-
crobiome.

Materials and methods

Experimental design and dietary treatments

A total of 288, 1-day-old, male Ross 308 broiler chicks were
randomly allocated to 24 pens with 12 chicks per pen in
an environment-controlled shed in the Poultry Research Unit
on the Gatton Campus of the University of Queensland. All
pens were randomly assigned to one of four treatment diets:
sorghum-control, sorghum-H57, wheat-control, and wheat-
HS57, resulting in six replicate pens for each treatment (72
chicks total). The sorghum-control was a diet formulated with
sorghum as the primary source of energy, and wheat-control
was a diet with wheat as the main source of energy (Supple-
mentary Table S1). All diets were formulated as starter (014
days) and grower (15-21 days) diets to meet or exceed rec-
ommended dietary requirements of Ross 308 Broilers (Avia-
gen 2014b). The treatment diets contained 8 x 107 colony
forming units (cfu) of H57 per gram of feed in starter diets
and § x 107 cfu per gram in grower diets designed to provide
at least 10° cfu HS7 per bird per day. The H57 was mixed
in sodium bentonite as a carrier and an equivalent quantity
of sodium bentonite was also mixed in the control diet. The
birds were raised with free access to feed and water following
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recommended husbandry practices for Ross broilers (Aviagen
2014a). The experiment was approved by the Animal Ethics
Committee of the University of Queensland (approval No.
SAFS/159/16/ARC).

Sample and data collection

The experiment was run for 21 days with weekly measure-
ment of body weight (BW) and feed intake. One randomly
selected chicken from five randomly selected pens in each
treatment were euthanised by intracardial injection of sodium
pentabarbitone on day 13 and caecal contents were asepti-
cally collected by squeezing the digesta into sterile 1.5 ml Ep-
pendorf tubes. The caecal samples were immediately frozen in
liquid nitrogen, transported with dry ice, and stored at —80"C.

DNA extraction, library preparation, and
sequencing

The microbial genomic DNA from the caecal contents was
extracted using the QIAamp Fast DNA Stool Mini Kit (QI-
AGEN), and concentration was measured using a Qubit 2.0
fluorometer with a dsDNA Broad Range Assay kit (Thermo
Fisher Scientific Inc, Victoria, Australia).

A paired-end indexed library for shotgun metagenomic
sequencing was prepared using the Illumina Nextera DNA
Library Preparation Kit (Illumina, San Diego, CA, USA) as
per the ’manufacturer’s instructions. The DNA library was
cleaned with Agencourt AMPure XP beads (Beckman Coul-
ter Australia Pty Ltd, Lane Cove, NSW, Australia), and the
quality of the library was analysed with an Agilent 2100 Bio-
analyzer (Agilent Technologies, Santa Clara, CA, USA). The
DNA libraries were normalized, pooled, and sequenced at the
Australian Centre for Ecogenomics using Illumina NextSeq
550 sequencing system (Illumina, San Diego, CA, USA) with
2 x 150 bp configuration.

Data analyses

The performance data [body weight, average daily weight
gain, average daily feed intake (ADFI), and feed conversion
ratio (FCR)] were analysed by one-way ANOVA using Graph-
Pad Prism (v9.2.0) considering individual birds as observation
units and individual pens as experimental units. The normality
of distribution and homogeneity of variances were confirmed
before applying the statistical tests. *Tukey’s multiple compar-
ison test was used for post hoc pairwise comparison of means.

Bioinformatics

Quality of the shotgun sequence reads was tested with fastQC,
and quality trimming was done with trimmomatic. Sequence
reads were then aligned to the UniREF100 reference protein
database using DIAMOND v0.8.30 (19). Protein sequences in
the reference database were then grouped according to their
assigned Kyoto Encyclopedia of Genes and Genomes (KEGG)
(Kanehisa and Goto 2000) Orthology (KO), and the number
of reads aligned to each protein sequence was collated ac-
cordingly by KO functions. The KOs with zero mapped reads
across all samples were removed. The collated KO counts table
was annotated using the KEGGREST (Tenenbaum and Main-
tainer 2022) package in R v3.3.1 (R Core Team 2016).

The resulting KO count matrix (each row representing a
KO identifier and each column representing a sample) was
then analyzed with the DESeq2 package (Love et al. 2014) in
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Table 1. Effects of B. amyloliquefaciens strain H57 when added to sorghum and wheat-based diets to feed meat chickens from 1 to 21 days of age.

Comparisons’ Variables Control (Mean) H57 (Mean) Mean Diff. 95.00% CI of diff. Adjusted P Value

S-CT vs. S-HS7 BW (g/bird) 922 1027 —105.1 —162.0 to —48.18 <0.001
Average daily gain (ADG) 39.6 46.6 —-7.03 —10.13 to —3.932 <0.001
(g/bird/day)
FCR (g feed/g bird) 1.26 1.26 —0.004 —0.075 to 0.066 0.998
ADFI (g/bird/day) 48.9 56.4 —7.473 —10.16 to —4.785 <0.001

W-CT vs. W-HS57 BW (g/bird) 930 994 —63.96 —120.9 to —7.052 0.025
ADG (g/bird/day) 40.5 43.9 —3.458 —6.558 to —0.3585 0.027
FCR (g feed/g bird) 1.29 1.27 0.015 —0.055 to 0.086 0.923
ADFI (g/bird/day) 50.9 54.3 —3.4 —6.088 to —0.712 0.011

1S-CT = Sorghum control, S-H57 = Sorghum HS57, W-CT = Wheat control, W-HS7 = Wheat H57

R to identify differentially abundant KOs between treatments
(Control and H57). Variance-stabilizing transformation (Lin
et al. 2008) was applied to the DESeqDataSet of KO counts
to reduce the heteroskedasticity and its subsequent effect in
downstream data analysis. Association of the KO counts with
treatment diets (Control and HS57) was tested by permuta-
tional multivariate analysis of variance (PERMANQOVA) of
variance-stabilized data using adonis() function in the vegan
package (Oksanen et al. 2016) in R. Principal Component
Analysis (PCA) ordination of the KO counts was performed
using vegan (Oksanen et al. 2016) to visualize compositional
similarities and differences in KO counts between samples.

Analysis of higher level metabolic pathway was done by
using HUMAaN2 v2.8.1 (Franzosa et al. 2018), by aligning
the reads with UniRef90 database. The HUMAaN2 annotated
pathways were grouped according to metacyc database and
analyzed with Linear discriminant analysis Effect Size (LEfSe)
to identify differentially enriched pathways between control
and H57 treatment (Segata et al. 2011).

Taxonomic analyses

The taxonomic profile of the microbiota was analyzed with
MetaPhlAn2 v2.7.7, which is an efficient tool for mining
metagenome sequences for characterizing the taxonomic pro-
file (Truong et al. 2015). The resultant taxonomy matrix with
relative abundances of taxa obtained from the MetaPhlAn2
was analyzed with the vegan (Oksanen et al. 2013) package in
R to find the overall significance of the difference. The associa-
tion of individual taxa with the experimental conditions (con-
trol and H57) both in the sorghum and wheat group was anal-
ysed with Microbiome Multivariable Association with Linear
Models (MaAsLin2) (Mallick et al. 2021).

Results

Influence on bird performance

Birds appeared clinically normal throughout the experiment
and the probiotic H57 significantly enhanced the growth rate
of chickens irrespective of diet (Table 1 and Fig. 1). For the
sorghum-based diet, H57 improved the average daily BW gain
from day 0 to 21 by 18% (39.6 vs. 46.6 g/bird/day, P < 0.001)
compared with the controls, resulting in a bodyweight at day
21 of 922 vs. 1027 g (P < 0.001). Similarly, the growth rate
of birds fed the wheat-based diet supplemented with H57 also
improved, with an overall difference of 8.4% (40.5 g/bird/day
vs. 43.9 g/bird/day) between the control and H57 fed birds
from days 0 to 21; the final bodyweight was 930 vs. 994 ¢
(P =0.025).

Feed intake also significantly increased in response to H57
treatment, irrespective of diet (Table 1 and Fig. 2). For the
sorghum-based diet, the ADFI per bird throughout the 21 days
of the trial was 15.3% greater for H57 than controls (48.9 vs.
56.4 g, P < 0.001). The feed intake for wheat fed birds for
the same period was 6.1% greater for the H57 group (50.9 vs.
54 g, P =0.011). Feed use efficiency measured as FCR showed
no difference between treatments for both the sorghum and
wheat-based diets over the 21 days of the experiment.

Effects of the H57 on BW (BW in g) and ADG (ADG in
g) of chickens. S-CT, S-H57 = Sorghum H57, W-CT, W-H57.
A = BW of chicks at day 0, B = BW at day 7, C = BW at day
14, D = BW at day 21, E = ADG at day 7, F = ADG at day
14, G = ADG at day 21. P < 0.0001*** P < 0.001*** ;and
P < 0.05*, ns. Bars are standard errors of the means (SEM)
and each dot represents the mean value for a replicate.

Influence of H57 on metagenome-inferred
microbial functions

A molecular function count matrix, with rows represent-
ing KO (Kanehisa and Goto 2000) identifiers and columns
representing samples, was created by aligning the sequences
to the UniREF100 database (Suzek et al. 2007) and collat-
ing counts by KO. The differentially abundant KO groups
were identified using DESeq2 (Love et al. 2014). The KO
table was transformed by applying the variance stabilizing
transformation function of Deseq2. The overall differences
in functional capacity between groups were analyzed with
PERMANOVA of the DESeq2 normalized count table us-
ing the vegan (Oksanen et al. 2016) package in R. There
were significant differences in overall KO composition be-
tween the control and HS57 treatments for both sorghum
(P < 0.01) and wheat (P < 0.05) based diets, indicating
that H57 supplementation altered the functional capacity
of the caecal microbiome irrespective of diet (Fig. 3, Fig.
S1).

Heatmap showing the top 50 DESeq2 differentially abun-
dant KO in sorghum group. The heatmap cell color is based
on row z-scores (number of SDs a cell value lies above or be-
low the mean). Rows represent KO numbers and columns rep-
resent samples. Both rows (KOs) and columns (samples) are
clustered with hierarchical clustering with clustering trees on
left (KOs) and at top (samples).

The DESeq2 analyses revealed that for sorghum-diet,
376 molecular functions (KOs) were differentially abundant
(Pagj < 0.05) between H57-fed and control birds (Fig. 4).
Among the differentially abundant functions, 369 func-
tions were over-represented in the control and seven were
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Figure 1. Effects of the H57 on BW (BW in g) and ADG (ADG in g) of chickens. S-CT, S-H57 = Sorghum H57 W-CT, W-H57. A = BW of chicks at day O,
B =BW atday 7 C = BW at day 14, D = BW at day 21, E = ADG at day 7. F = ADG at day 14, G = ADG at day 21. P < 0.0001***, P < 0.001***, and
P < 0.05*, ns = not significant. Bars are SEM and each dot represents the mean value for a replicate.

over-represented in H57-fed birds (complete list in Supple-
mentary Table S3). Similarly, 126 molecular functions (KO)
were differentially abundant (Padj < 0.05) between control
and HS7 within the wheat-diet group (Fig. 5). Among these
differentially abundant functions, 36 were over-represented
in control and 90 were over-represented in the H57-fed birds
(complete list in Supplementary Table S4).

Higher-level metabolic pathways clustered according to the
MetaCyc database (Caspi et al. 2020) obtained from HU-
MAnNN2 (Franzosa et al. 2018) was analyzed with Linear Dis-
criminant Analysis Effect Size (LEfSe) (Segata et al. 2011) to
identify the differentially abundant pathways. There were 34
metabolic pathways differentially abundant between control
and H57-fed birds fed sorghum, and all but two of these path-
ways had an LDA score higher than three (Fig. 6). Among
these pathways, 15 were overabundant in the H57 group and
19 were underabundant in the H57 group.

Intriguingly, among 15 differentially abundant pathways
enriched in the caecal microbiota of birds fed the H57
sorghum diet, seven pathways were related to the biosyn-
thesis of essential amino acids. More importantly, the top
five enriched pathways with the largest effect sizes are part

of the essential amino acid synthesis pathways. The amino
acid pathways enriched in the H57 group are L-isoleucine
biosynthesis pathway III, L-isoleucine biosynthesis I from
threonine, L-valine biosynthesis, L-arginine biosynthesis IV, L-
arginine biosynthesis I via L-ornithine, superpathway of argi-
nine and polyamine biosynthesis, and L-lysine biosynthesis
L

The LEfSe analyses identified a total of 52 metabolic path-
ways enriched in either control or H57 group in birds fed
wheat (Fig. 7). Among these pathways, 36 were overabun-
dant in the H57 group and 16 were underabundant in the
HS57 group. A total of 22 pathways had an LDA score higher
than three.

Five pathways related to amino acid biosynthesis are en-
riched in the H57 group for the wheat-based diet. Notably,
the top two enriched pathways with the largest LEfSe effect
size were amino acid synthesis pathways for L-asparate and
L-proline. Metabolic pathways for amino acids L-tryptophan
and L-arginine were also enriched in H57 fed chickens. Con-
trary to the sorghum group, biosynthesis pathways for valine
and isoleucine were less abundant in the H57 group than for
the control wheat-based diet.
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Figure 2. Effects of H57 on FCR and ADFI (ADFI in g) of chickens. S-CT, S-H57 = Sorghum H57 W-CT, W-H57. A = FCR day 7 B = FCR at day 14,
C =FCRatday 21, D = ADFl at day 7 E = ADFI at day 14, F = ADFIl at day 21. P < 0.0001***, P < 0.01**, and P < 0.05*, ns. Error bars are SEM; each

dot represents a replicate’'s mean value.

Influence of H57 on the chicken gut microbiota
profile

The relative abundances of microbial taxa recovered from the
metagenome using MetaPhlAn2 differed significantly between
diets (P = 0.001, PERMANOVA) (Fig. 8). Between the con-
trol and H57 treatments, however, there were no significant
differences in community composition, irrespective of diet
and statistical method [P > 0.05, PEMANOVA, LEfSe, and
Microbiome Multivariable Associations with Linear Models
(MaAsLin2)] (Supplementary Figure S2).

Discussion

This study has demonstrated that probiotic B. amyloliquefa-
ciens strain H57 improves the performance of broiler chickens
and changes the functionality of the caecal microbiome, espe-
cially in relation to amino acid and vitamin synthesis, sup-
porting the hypothesis of this study. The significant increase
in growth rate and feed intake indicates the possibility of us-
ing this probiotic as an alternative to AGPs in chickens. Our
results are in general agreement with Ahmed et al. (2014) and
Lei et al. (2015), who reported positive effects of B. amylolig-
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Figure 3. Effects of H57 on KO profiles associated with the caecal microbiome at day 13. (a) PCA ordination of variance-stabilizing transformed KO
function matrix in the birds fed a sorghum-based diet. The points represent the individual sample (bird), blue lines connect each sample to the group
centroid with an ellipsoid enclosing all samples. P value is calculated with PERMANOVA. (b) Volcano plot of KO functions with the sorghum diet showing
DESeq2 differentially abundant functions (red). (c) PCA ordination of variance-stabilizing transformed KO function matrix in birds fed a wheat-based diet.
The points represent the individual samples (birds), blue lines connect each sample to the group centroid with an ellipsoid enclosing all samples. P value
is calculated with PERMANOVA. (d) Volcano plot of KO functions within the wheat diet showing DESeq2 differentially abundant functions (red).

uefaciens supplementation on BW gain, feed intake, and FCR
of broiler chickens fed a corn and soybean-based diet. In a
recent study, supplementation of broiler feed with B. amy-
loliquefaciens LFB112 improved the growth rate of broilers

(Ahmat et al. 2021). In earlier studies, broilers fed with a
commercial probiotic product containing B. amyloliquefa-
ciens had increased growth rates (Ortiz et al. 2013) and im-
proved feed efficiency over the 42-day growth period (Diaz
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Figure 4. Heatmap showing top 50 DESeq? differentially abundant KO in sorghum group. The heatmap cell color is based on row z-scores (number of
SDs a cell value lies above or below the mean). Rows represent KO numbers and columns represent samples. Both rows (KOs) and columns (samples)
are clustered with hierarchical clustering with clustering trees on left (KOs) and at top (samples).

2008, Ortiz et al. 2013). Likewise, birds fed H57 and chal-
lenged with subclinical necrotic enteritis had improved feed ef-
ficiency compared to unsupplemented birds (Shini et al. 2020).

Several studies describe the effects of probiotics on the in-
testinal microbiota of chickens that concentrate on modulat-
ing microbial profiles (Yadav and Jha 2019). Balancing the in-
testinal microbiota has been proposed as a possible mode of
action for potential benefits from probiotics (Ma and Suzuki
2018). However, this study shows that probiotics can modu-
late microbial functions without significantly affecting the mi-
crobiota profile. Therefore, studies of the effects on microbial
function are as critical, if not more important than studies on
microbial community composition, when seeking to elucidate
the mode of action of probiotics.

Amino acids are important nutrients with versatile physi-
ological functions in addition to their role in protein synthe-
sis and play crucial roles on growth, productivity and health
of chickens (He et al. 2021). Importantly, isoleucine, valine,
arginine, and lysine are essential amino acids, which cannot

be synthesised endogenously by the bird and must be sup-
plied in the feed. The pathways for the synthesis of these
amino acids were enriched in H57 supplemented birds in
the sorghum group. However, pathways for valine and isolu-
ceine synthesis were not enriched by H57 in the wheat group.
This indicates that the effect of H57 varies with the diet
or the resident intestinal microbial profile as the caecal mi-
crobial profiles of sorghum and wheat fed birds were sig-
nificantly different (Fig 8). It is a commercially important
characteristic of H7 that it has been able to improve the
growth rate across two diets with different ingredient com-
position.

There is growing interest in low protein diet formulation
in the poultry industry based on environmental sustainability
and cost reduction concerns. The approach is to formulate low
crude protein diets with specific synthetic amino acid supple-
ments to balance the amounts of specific essential amino acids
in the diet (Pack et al. 2003, Van Harn et al. 2019, Liu et al.
2021). Our study opens up the possibility of supplementing
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Figure 5. Heatmap showing top 50 DESeq? differentially abundant KO functions in the wheat group. The heatmap cell colour is based on row z-scores
(number of SD a cell value lies above or below the mean). Rows represent KO numbers. Both rows (KOs) and columns (samples) are clustered with

hierarchical clustering with clustering trees on left (KOs) and at top (samples).

low-protein chicken diets with selected probiotics to enhance
microbial amino acid synthesis.

Another important group of metabolic pathways enriched
in the H57 group in the wheat-based diet is vitamin synthesis,
particularly vitamins from the B-complex group, which are es-
sential co-factors for enzymes in intermediatory metabolism.
A total of seven metabolic pathways responsible for the syn-
thesis of thiamine (vitamin B1), riboflavin (vitamin B2), biotin
(vitamin B7 or vitamin H), and folate (vitamin B9) were signif-
icantly enriched in the H57 group. A deficiency of thiamine in
chickens can cause loss of appetite, reduced body weight, and
clinical signs of cardiac and neurological dysfunction (Burgos
et al. 2006). A deficiency of riboflavin may lead to curled-toe
paralysis in chickens due to myelin degeneration of the sci-
atic nerve (Burgos et al. 2006). A diet deficient in biotin can
result in impaired growth, reduced feed use efficiency and de-
velopment of the fatty liver and kidney syndrome (FLKS) on

wheat based diets (Bryden 1991), while folate deficiency can
also reduce appetite and growth rate and result in poor feath-
ering (Burgos et al. 2006). Thus, H57 can indirectly improve
the production of these vitamins in the caeca by enriching the
intestinal environment with the required metabolic pathways
to produce vitamins. Interestingly, Sabo et al. (2020) isolated
probiotic species from intestinal samples of poultry that pro-
duced B-vitamins and used these isolates to inoculate poultry
(Sabo et al. 2020).

For both amino acids and vitamins there is need to quan-
tify the amount of these nutrients produced as a result of sup-
plementing diets with specific probiotics and locating where
they are produced in the GIT and if available to the bird.
Many studies have shown that the uptake of amino acids
(Denbow 2015) and B vitamins (Heard and Annison 1986,
Bryden 1989) from the caeca in birds is limited. However, ret-
rograde movement of digesta from the caeca into the small
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Figure 6. Comparison of functional pathways in control and H57 in the sorghum diet group with LEfSe analysis. The histograms show the LDA scores of
differentially abundant pathways, which explain the differences between two communities (control and H57). The higher the LDA score, the higher the
contribution of the specific pathway to explain the difference between the two communities compared. Red = metabolic pathways overrepresented in
the H57 group. Blue = metabolic pathways overrepresented in the control group.

intestine (Denbow 2015) would subject bacterial cells to the
normal processes of digestion and absorption. Moreover, birds
practising coprophagy may benefit from nutrients produced
in the caeca, as Whitehead and Bannister (1980) have esti-
mated that broilers can obtain ~10% of their B-vitamin re-
quirements from this practice.

In addition to inducing the caecal microbiota to produce
amino acids and B-vitamins, B. amyloliquefaciens produces a
large range of extracellular metabolites eg. enzymes such as a-
amylase, proteases, cellulase, and xylanase (Gould et al. 1975,
Breccia et al. 1998, Gracia et al. 2003, Lee et al. 2008), an-
timicrobial and antifungal lipopeptides eg. surfactin, fengicin,
bacillumycin D, iturin A (Koumoutsi et al. 2004, Ongena and
Jacques 2008, Chen et al. 2009, Arrebola et al. 2010), polyke-
tides eg. macrolactin, difficidin, bacillaene, chlorotetain (Rapp
etal. 1988, Chen et al. 2006, Schneider et al. 2007) and bacte-
riocins (Ulyanova et al. 2011). Strain H57 has genes to encode
for many of these exogenous metabolites ,including several

carbohydrate active enzymes such as glycoside hydrolases,
lipopeptides (surfactin, iturin, bacillomycin D and fengycin)
and antibiotic polyketides (macrolactin, difficidin and bacil-
laene) (Schofield et al. 2016). It is not known if any of these
compounds benefit poultry nutrition and how they might in-
fluence poultry GIT microbiome composition and function,
especially related to the changes described in this study.
Most studies on the effects of diet supplements (probiotics,
phytogens, prebiotics etc.) focus on changes in the microbial
profile by sequencing 16S rRNA genes (Wang et al. 2017,
Baldwin et al. 2018, Yadav and Jha 2019, Bajagai et al. 2020,
Jha et al. 2020). However, this study has demonstrated that
probiotics can affect metabolic functional pathways of the in-
testinal microbes without significantly altering the microbiota
population. Although studying microbiota by sequencing and
analysis of the 16S rRNA gene has been the method of choice
for the last decade, this method is not without limitations and
challenges (Bajagai et al. 2022). Sequencing of total DNA, as
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Figure 7. Comparison of functional pathways in control and H57 in the wheat diet group with LEfSe analysis. The histograms show the LDA scores of
differentially abundant pathways which explain the differences between two communities (control and H57). The higher the LDA score, the higher the
contribution of the specific pathway to explain the difference between the two communities compared. Purple = metabolic pathways over-represented
in the H57 group. Green = metabolic pathways overrepresented in the control group.
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Figure 8. Differential abundant taxa between sorghum and wheat group. Microbial species association with feed type was analysed with Microbiome
Multivariable Associations with Linear Models (MaAsLin2). The Y-axis gives species of bacteria and their relative abundance, which are associated with
feed type (sorghum or wheat). The false discovery for multiple testing controlled P value (FDR) and corresponding coefficient are also presented for each
taxon. PCA ordination of relative abundance of microbial species in sorghum and wheat group. The points represent the individual sample (bird), blue
lines connect each sample to the group centroid with an ellipsoid enclosing all samples.
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we did in this study, can be an effective tool to unravel the
complexity of the intestinal ecosystem and study the mode of
action of probiotics and other dietary supplements. It is im-
portant to find out if intestinal microbial metabolites such as
the amino acids and vitamins, shown potentially enhanced by
HS57 in this study are taken up by the host and used to improve
bird performance. Moreover, it is clearly demonstrated that
these effects were different in sorghum and wheat-based diets.
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Supplementary data is available at JAMBIO Journal online.

Conflict of interest

The authors declare no conflicts of interest in relation to this
research work. The funding agencies played no role in the
study design, data collection, analysis, interpretation, or writ-
ing of the manuscript.

Funding

This work received financial contributions from the Aus-
tralian Research Council and Ridley Agriproducts under ARC
Linkage Project funding (Grant No. LP120200837). Y.S.B.
was a recipient of an Australian Government’s Endeavour
Scholarship.

Author contributions

Yadav Sharma Bajagai (Conceptualization, Data curation,
Formal analysis, Investigation, Methodology, Validation, Vi-
sualization, Writing — original draft), Yun Kit Yeoh (Data cu-
ration, Formal analysis, Methodology, Validation, Writing —
original draft, Writing — review & editing), Xiuhua Li (Inves-
tigation, Methodology, Resources, Supervision, Writing — re-
view & editing), Dagong Zhang (Data curation, Investigation,
Methodology), Paul G. Dennis (Conceptualization, Data cura-
tion, Formal analysis, Methodology, Resources, Supervision,
Validation, Visualization, Writing — original draft, Writing —
review & editing), Diane Ouwerkerk (Data curation, Method-
ology, Project administration, Writing — review & editing), Pe-
ter J. Dart (Conceptualization, Funding acquisition, Investiga-
tion, Methodology, Project administration, Resources, Super-
vision, Writing — review & editing), Athol V. Klieve (Concep-
tualization, Data curation, Methodology, Resources, Writing —
review & editing) and Wayne L. Bryden (Conceptualization,
Funding acquisition, Methodology, Project administration,
Resources, Supervision, Writing — original draft, Writing — re-
view & editing).

Data availability

The dataset supporting the conclusions of this article is avail-
able in the NCBI SRA repository, PRINA835154, https://ww
w.ncbi.nlm.nih.gov/bioproject/PRJNA835154.

References

Ahmat M, Cheng J, Abbas Z et al. Effects of Bacillus amyloliquefaciens
LFB112 on growth performance, carcass traits, immune, and serum
biochemical response in broiler chickens. Antibiotics 2021;10:1427.
https://doi.org/10.3390/antibiotics10111427.

Bajagai et al.

Ahmed ST, Islam MM, Mun H-S et al. Effects of Bacillus amylolig-
uefaciens as a probiotic strain on growth performance, cecal mi-
croflora, and fecal noxious gas emissions of broiler chickens. Poult
Sci 2014;93:1963-71. https://doi.org/10.3382/ps.2013-03718.

Annison EF, Hill KJ, Kenworthy R. Volatile fatty acids in the digestive
tract of the fowl. Br ] Nutr 1968;22:207-16. https://doi.org/10.107
9/BJN19680026.

Apajalahti J, Kettunen A, Graham H. Characteristics of the gastroin-
testinal microbial communities, with special reference to the chicken.
Worlds Poult Sci ] 2004;60:223-32. https://doi.org/10.1079/WPS2
0040017.

Arrebola E, Jacobs R, Korsten L. Iturin a is the principal inhibitor in the
biocontrol activity of Bacillus amyloliquefaciens PPCB004 against
postharvest fungal pathogens. | Appl Microbiol 2010;108:386-95.
https://doi.org/10.1111/1.1365-2672.2009.04438.x.

Aviagen. Arbor Acres Plus: Broiler Management Guide: Aviagen Lim-
ited. 2014a. http://images.proultry.com/files/company/1759/AA_B
roiler_Handbook2014i_EN.pdf. (20 June 2021, date last accessed).

Aviagen. ROSS 308 Broiler: Nutrition Specifications: Aviagen Limited.
2014b. https:/eliasnutri.files.wordpress.com/2012/04/ross308broi
lernutritionspecs2014-en.pdf. (20 June 2021, date last accessed).

Bajagai YS, Alsemgeest ], Moore R] et al. Phytogenic products, used
as alternatives to antibiotic growth promoters, modify the intestinal
microbiota derived from a range of production systems: an in vitro
model. Appl Microbiol Biotechnol 2020;104:10631-40. https://doi.
org/10.1007/s00253-020-10998-x.

Bajagai YS, Klieve AV, Dart PJ et al. Probiotics in Animal Nutrition:
Production, Impact and Regulation. Rome: Food and Agriculture
Organization of the United Nations (FAO), Rome, Italy. 2016.

Bajagai YS, Trotter M, Williams TM et al. the role of microbiota in
animal health and productivity: misinterpretations and limitations.
Anim Prod Sci 2022;62:944-56. https://doi.org/10.1071/AN21515.

Baldwin S, Hughes R], Hao Van TT e# al. At-hatch administration of
probiotic to chickens can introduce beneficial changes in gut mi-
crobiota. PLoS One 2018;13:¢0194825. https://doi.org/10.1371/jo
urnal.pone.0194825.

Bjerrum L, Engberg RM, Leser TD et al. Microbial community com-
position of the ileum and cecum of broiler chickens as revealed by
molecular and culture-based techniques. Poult Sci 2006;85:1151-
64. https://doi.org/10.1093/ps/85.7.1151.

Breccia JD, Sifieriz F, Baigori MD et al. Purification and characterization
of a thermostable xylanase from Bacillus amyloliquefaciens. Enzyme
Microb Technol 1998;22:42-49. https://doi.org/10.1016/S0141-02
29(97)00102-6.

Brown S, Dart P. Testing hay treated with mould inhibiting, biocontrol
inoculum: RIRDC Project UQ-82A, RIRDC, Canberra. 2003.

Bryden WL. Intestinal distribution and absorption of biotin in the
chicken. Br | Nutr 1989;62:389-98. https://doi.org/10.1079/BJN1
9890039.

Bryden WL. Tissue depletion of biotin in chickens and the development
of deficiency lesions and the fatty liver and kidney syndrome. Avian
Pathol 1991;20:259-69. https://doi.org/10.1080/03079459108418
762.

Burgos S, Bohorquez DV, Burgos SA. Vitamin deficiency-induced neu-
rological diseases of poultry. Int | Poult Sci 2006;5:804-7.

Casewell M, Friis C, Marco E et al. the European ban on growth-
promoting antibiotics and emerging consequences for human and
animal health. | Antimicrob Chemother 2003;52:159-61. https:
/ldoi.org/10.1093/jac/dkg313.

Caspi R, Billington R, Keseler IM ef al. the MetaCyc database of
metabolic pathways and enzymes-a 2019 update. Nucleic Acids Res
2020;48:D445-53. https://doi.org/10.1093/nar/gkz862.

Castanon JIR. History of the use of antibiotic as growth promoters in
European poultry feeds. Poult Sci 2007;86:2466-71. https://doi.or
2/10.3382/ps.2007-00249.

Chen XH, Koumoutsi A, Scholz R et al. Genome analysis of Bacillus
amyloliquefaciens FZB42 reveals its potential for biocontrol of plant
pathogens. | Biotechnol 2009;140:27-37. https://doi.org/10.1016/].
jbiotec.2008.10.011.

920z Idy € U Josn 20USIDG SULIB| JO JsuU| Ueljensny Aq ZZS0 L 2/S80PEXI/S/YE L/a[oie/olquielwod dno olwspeoe//:sd)y Wolj Papeojumoq


https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxad085#supplementary-data
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA835154
https://doi.org/10.3390/antibiotics10111427
https://doi.org/10.3382/ps.2013-03718
https://doi.org/10.1079/BJN19680026
https://doi.org/10.1079/WPS20040017
https://doi.org/10.1111/j.1365-2672.2009.04438.x
http://images.proultry.com/files/company/1759/AA_Broiler_Handbook2014i_EN.pdf
https://eliasnutri.files.wordpress.com/2012/04/ross308broilernutritionspecs2014-en.pdf
https://doi.org/10.1007/s00253-020-10998-x
https://doi.org/10.1071/AN21515
https://doi.org/10.1371/journal.pone.0194825
https://doi.org/10.1093/ps/85.7.1151
https://doi.org/10.1016/S0141-0229(97)00102-6
https://doi.org/10.1079/BJN19890039
https://doi.org/10.1080/03079459108418762
https://doi.org/10.1093/jac/dkg313
https://doi.org/10.1093/nar/gkz862
https://doi.org/10.3382/ps.2007-00249
https://doi.org/10.1016/j.jbiotec.2008.10.011

Enhanced meat chicken productivity in response to the probiotic Bacillus amyloliquefaciens H57 13

Chen X-H, Vater ], Piel | et al. Structural and functional characteriza-
tion of three polyketide synthase gene clusters in Bacillus amylolig-
uefaciens FZB 42. | Bacteriol 2006;188:4024-36. https://doi.org/10
.1128/JB.00052-06.

Denbow DM. Gastrointestinal anatomy and physiology. In Sturkie’s
Avian Physiology. 6th edn. (Ed. Scanes CG ) 2015, pp.337-66. (El-
sevier Inc.NY, USA)

Diaz D. Safety and efficacy of Ecobiol®(Bacillus amyloliquefaciens) as
feed additive for chickens for fattening. EFSA Journal 2008;773:2—
13.

Dibner JJ, Richards JD. Antibiotic growth promoters in agriculture: his-
tory and mode of action. Poult Sci 2005;84:634-43. https://doi.org/
10.1093/ps/84.4.634.

Durazzi F, Sala C, Castellani G et al. Comparison between 16S rRNA
and shotgun sequencing data for the taxonomic characterization of
the gut microbiota. Sci Rep 2021;11:1-10. https://doi.org/10.1038/
s41598-021-82726-y.

El Jeni R, Dittoe DK, Olson EG er al. Probiotics and potential ap-
plications for alternative poultry production systems. Poult Sci
2021;100:101156. https://doi.org/10.1016/j.psj.2021.101156.

Franzosa EA, Mclver L], Rahnavard G et al. Species-level functional
profiling of metagenomes and metatranscriptomes. Nat Methods
2018;15:962-8. https://doi.org/10.1038/s41592-018-0176-y.

Gould AR, May BK, Elliott WH. Release of extracellular enzymes from
Bacillus amyloliquefaciens. ] Bacteriol 1975;122:34-40. https://doi.
org/10.1128/jb.122.1.34-40.1975.

Gracia M, Aranibar MJ, Lazaro R et al. Alpha-amylase supplementation
of broiler diets based on corn. Poult Sci 2003;82:436-42. https://do
1.0org/10.1093/ps/82.3.436.

He W, Li P, Wu G. Amino acid nutrition and metabolism in chickens. In
Amino Acids in Nutrition and Health. (Ed. Wu G ) 2021. pp.109-
31(Springer Nature, Switzerland)

Heard GS, Annison EF. Gastrointestinal absorption of vitamin B-6 in
the chicken (Gallus domesticus). | Nutr 1986;116:107-20. https:
/ldoi.org/10.1093/jn/116.1.107.

Jha R, Das R, Oak S et al. Probiotics (direct-fed microbials) in poul-
try nutrition and their effects on nutrient utilization, growth and
laying performance, and gut health: a systematic review. Animals
2020;10:1863. https://doi.org/10.3390/ani10101863.

Jones FT, Ricke SC. Observations on the history of the development of
antimicrobials and their use in poultry feeds. Poult Sci 2003;82:613—
7. https://doi.org/10.1093/ps/82.4.613.

Jozefiak D, Rutkowski A, Martin S. Carbohydrate fermentation in the
avian ceca: a review. Anim Feed Sci Technol 2004;113:1-15. https:
/Idoi.org/10.1016/j.anifeedsci.2003.09.007.

Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes.
Nucleic Acids Res 2000528:27-30. https://doi.org/10.1093/nar/28.1
27.

Koumoutsi A, Chen X-H, Henne A et al. Structural and functional
characterization of gene clusters directing nonribosomal synthesis
of bioactive cyclic lipopeptides in Bacillus amyloliquefaciens strain
FZB42. | Bacteriol 2004;186:1084-96. https://doi.org/10.1128/]B
.186.4.1084-1096.2004.

Krysiak K, Konkol D, Korczynski M. Overview of the use of probiotics
in poultry production. Animals 2021;11:1620. https://doi.org/10.3
390/ani11061620.

Le OT, Schofield B, Dart PJ et al. Production responses of reproducing
ewes to a by-product-based diet inoculated with the probiotic Bacil-
lus amyloliquefaciens strain H57. Anim Prod Sci 2017;57:1097-
105. https://doi.org/10.1071/AN16068.

Le OT, Dart PJ, Harper K er al. Effect of probiotic Bacillus amylolig-
uefaciens strain H57 on productivity and the incidence of diarrhoea
in dairy calves. Anim Prod Sci 2017;57,912-9. https://doi.org/10.1
071/AN15776.

Lee Y-J, Kim B-K, Lee B-H ef al. Purification and characterization of
cellulase produced by Bacillus amyoliquefaciens DL-3 utilizing rice
hull. Bioresour Technol 2008;99:378-86. https://doi.org/10.1016/j.
biortech.2006.12.013.

Lei X, Piao X, Ru Y et al. Effect of Bacillus amyloliquefaciens-based
direct-fed microbial on performance, nutrient utilization, intesti-
nal morphology and cecal microflora in broiler chickens. Asian-
Australas | Anim Sci 2015;28:239-46. https://doi.org/10.5713/ajas
.14.0330.

Lin SM, Du P, Huber W et al. Model-based variance-stabilizing
transformation for Illumina microarray data. Nucleic Acids Res
2008;36:e11. https://doi.org/10.1093/nar/gkm1075.

Liu SY, Macelline SP, Chrystal PV et al. Progress towards reduced-crude
protein diets for broiler chickens and sustainable chicken-meat pro-
duction. | Anim Sci Biotechnol 2021;12:1-13. https://doi.org/10.1
186/s40104-021-00550-w.

Love MI, Huber W, Anders S. Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. Genome Biol
2014;15:550. https://doi.org/10.1186/s13059-014-0550-8.

Ma T, Suzuki Y. Dissect the mode of action of probiotics in affecting
host-microbial interactions and immunity in food producing ani-
mals. Vet Immunol Immunopathol 2018;205:35-48. https://doi.or
2/10.1016/j.vetimm.2018.10.004.

Mallick H, Rahnavard A, Mclver L] ef al. Multivariable association
discovery in population-scale meta-omics studies. PLoS Comput
Biol 2021;17:€1009442. https://doi.org/10.1371/journal.pcbi.100
9442.

Mancabelli L, Ferrario C, Milani C et al. Insights into the biodiver-
sity of the gut microbiota of broiler chickens. Environ Microbiol
2016;18:4727-38. https://doi.org/10.1111/1462-2920.13363.

Oakley BB, Lillehoj HS, Kogut MH et al. the chicken gastrointestinal
microbiome. FEMS Microbiol Lett 2014;360:100-12. https://doi.or
¢/10.1111/1574-6968.12608.

Oksanen J, Blanchet FG, Friendly M et al. vegan: community Ecology
Package. R package version 2.4-0. 2016. https://CRAN.R-project.o
rg/package=vegan. (16 December 2021, date last accessed).

Oksanen J, Blanchet FG, Kindt R et al. Package ‘vegan’. Community
Ecology Package, version 2013;2:1-295.

Ongena M, Jacques P. Bacillus lipopeptides: versatile weapons for plant
disease biocontrol. Trends Microbiol 2008;16:115-25. https://doi.
org/10.1016/5.tim.2007.12.009.

Ortiz A, Yafiez P, Gracia M et al. Effect of probiotic Ecobiol on
broiler performance. In: 19th European Symposium on Poultry
Nutrition (ESPN): Potsdam, Germany; August 26-29, 2013(eEd.
B.Werner B ) 2013. (World’s Poultry Science Association. Potsdam,
Germany).

Pack M, Hoehler D, Lemme A. Economic assessment of amino
acid responses in growing poultry. In: Amino Acids in Animal
Nutrition. (Ed. D’Mello J.EP. ) 2003, pp.459-83: (CABI Publishing,
UK)

Pan D, Yu Z. Intestinal microbiome of poultry and its interaction with
host and diet. Gut Microbes 2014;5:108-19. https://doi.org/10.416
1/gmic.26945.

R Core Team. R: A Language and Environment for Statistical Com-
puting. R Foundation for Statistical Computing, Vienna, Austria.
2016. https://www.R-project.org/. (16 December 2021, date last
accessed).

Rapp C, Jung G, Katzer W et al. Chlorotetain from Bacillus subtilis,
an antifungal dipeptide with an unusual chlorine-containing amino
acid. Angew Chem Int Ed Engl 1988;27:1733-4. https://doi.org/10
.1002/anie.198817331.

Sabo SDS, Mendes MA, Araujo EDS et al. Bioprospecting of probiotics
with antimicrobial activities against Salmonella Heidelberg and that
produce B-complex vitamins as potential supplements in poultry nu-
trition. Sci Rep 2020;10:1-14. https://doi.org/10.1038/s41598-020
-64038-9.

Schneider K, Chen X-H, Vater J ef al. Macrolactin is the polyketide
biosynthesis product of the pks2 cluster of Bacillus amyloliquefa-
ciens FZB42. | Nat Prod 2007;70:1417-23. https://doi.org/10.102
1/np070070k.

Schofield BJ, Skarshewski A, Lachner N er al. Near complete genome
sequence of the animal feed probiotic, Bacillus amyloliquefaciens

920z Idy € U Josn 20USIDG SULIB| JO JsuU| Ueljensny Aq ZZS0 L 2/S80PEXI/S/YE L/a[oie/olquielwod dno olwspeoe//:sd)y Wolj Papeojumoq


https://doi.org/10.1128/JB.00052-06
https://doi.org/10.1093/ps/84.4.634
https://doi.org/10.1038/s41598-021-82726-y
https://doi.org/10.1016/j.psj.2021.101156
https://doi.org/10.1038/s41592-018-0176-y
https://doi.org/10.1128/jb.122.1.34-40.1975
https://doi.org/10.1093/ps/82.3.436
https://doi.org/10.1093/jn/116.1.107
https://doi.org/10.3390/ani10101863
https://doi.org/10.1093/ps/82.4.613
https://doi.org/10.1016/j.anifeedsci.2003.09.007
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1128/JB.186.4.1084-1096.2004
https://doi.org/10.3390/ani11061620
https://doi.org/10.1071/AN16068
https://doi.org/10.1071/AN15776
https://doi.org/10.1016/j.biortech.2006.12.013
https://doi.org/10.5713/ajas.14.0330
https://doi.org/10.1093/nar/gkm1075
https://doi.org/10.1186/s40104-021-00550-w
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1016/j.vetimm.2018.10.004
https://doi.org/10.1371/journal.pcbi.1009442
https://doi.org/10.1111/1462-2920.13363
https://doi.org/10.1111/1574-6968.12608
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1016/j.tim.2007.12.009
https://doi.org/10.4161/gmic.26945
https://www.R-project.org/
https://doi.org/10.1002/anie.198817331
https://doi.org/10.1038/s41598-020-64038-9
https://doi.org/10.1021/np070070k

14

HS57. Stand Genomic Sci 2016;11:60. https://doi.org/10.1186/s407
93-016-0189-z.

Segata N, Izard J, Waldron L et al. Metagenomic biomarker discovery
and explanation. Genome Biol 2011;12:1-18. https://doi.org/10.1
186/gb-2011-12-6-r60.

Sergeant MJ, Constantinidou C, Cogan TA et al. Extensive micro-
bial and functional diversity within the chicken cecal microbiome.
PLoS One 2014;9:91941. https://doi.org/10.1371/journal.pone.0
091941.

Shang Y, Kumar S, Oakley B ez al. Chicken gut microbiota: importance
and detection technology. Front Vet Sci 2018;5:254. https://doi.org/
10.3389/fvets.2018.00254.

Shini S, Bryden WL. Probiotics and gut health: linking gut homeostasis
and poultry productivity. Anim Prod Sci 2022;62:1090-112. https:
/ldoi.org/10.1071/AN20701.

Shini S, Zhang D, Aland RC et al. Probiotic Bacillus amyloliquefaciens
H57 ameliorates subclinical necrotic enteritis in broiler chicks by
maintaining intestinal mucosal integrity and improving feed effi-
ciency. Poult Sci 2020;99:4278-93. https://doi.org/10.1016/j.psj.20
20.05.034.

Stanley D, Geier MS, Hughes R] et al. Highly variable micro-
biota development in the chicken gastrointestinal tract. PLoS One
2013;8:¢84290. https://doi.org/10.1371/journal.pone.0084290.

Suzek BE, Huang H, McGarvey P et al. UniRef: comprehensive and non-
redundant UniProt reference clusters. Bioinformatics 2007;23. http
s://doi.org/10.1093/bioinformatics/btm098.

Bajagai et al.

Tenenbaum D, Maintainer B. KEGGREST: Client-side REST Access to
the Kyoto Encyclopedia of Genes and Genomes (KEGG). R package
version 1.38.0. 2022.

Truong DT, Franzosa EA, Tickle TL et al. MetaPhlAn2 for enhanced
metagenomic taxonomic profiling. Nat Methods 2015;12:902-3. ht
tps://doi.org/10.1038/nmeth.3589.

Ulyanova V, Vershinina V, Ilinskaya O. Barnase and binase: twins with
distinct fates. FEBS ] 2011;278:3633-43. https://doi.org/10.1111/j.
1742-4658.2011.08294.x.

Van Harn J, Dijkslag MA, Van Krimpen MM. Effect of low protein
diets supplemented with free amino acids on growth performance,
slaughter yield, litter quality, and footpad lesions of male broilers.
Poult Sci 2019;98:4868-77. https://doi.org/10.3382/ps/pez229.

Waite DW, Taylor MW. Characterizing the avian gut microbiota: mem-
bership, driving influences, and potential function. Front Microbiol
2014;5:223. https://doi.org/10.3389/fmicb.2014.00223.

Wang Y, Sun J, Zhong H et al. Effect of probiotics on the meat flavour
and gut microbiota of chicken. Sci Rep 2017;7:1-13.

Whitehead CC, Bannister DW. Biotin status, blood pyruvate carboxy-
lase (EC 6.4. 1.1) activity and performance in broilers under dif-
ferent conditions of bird husbandry and diet processing. Br | Nutr
1980;43:541-9. https://doi.org/10.1079/BJN19800121.

Yadav S, Jha R. Strategies to modulate the intestinal microbiota and
their effects on nutrient utilization, performance, and health of poul-
try. ] Anim Sci Biotechnol 2019;10:1-11. https://doi.org/10.1186/s4
0104-018-0310-9.

920z Idy € U Josn 20USIDG SULIB| JO JsuU| Ueljensny Aq ZZS0 L 2/S80PEXI/S/YE L/a[oie/olquielwod dno olwspeoe//:sd)y Wolj Papeojumoq


https://doi.org/10.1186/s40793-016-0189-z
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1371/journal.pone.0091941
https://doi.org/10.3389/fvets.2018.00254
https://doi.org/10.1071/AN20701
https://doi.org/10.1016/j.psj.2020.05.034
https://doi.org/10.1371/journal.pone.0084290
https://doi.org/10.1093/bioinformatics/btm098
https://doi.org/10.1038/nmeth.3589
https://doi.org/10.1111/j.1742-4658.2011.08294.x
https://doi.org/10.3382/ps/pez229
https://doi.org/10.3389/fmicb.2014.00223
https://doi.org/10.1079/BJN19800121
https://doi.org/10.1186/s40104-018-0310-9

