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ABSTRACT Precision biotics (PBs) are chemically
synthesized complex glycans that modulate specific
microbiome metabolic functions. The objective of the
present study was to evaluate the effect of the supple-
mentation of PB on the growth performance, and cecal
microbiome modulation of broiler chickens raised under
commercial conditions. A total of 190,000-day-old Ross
308 straight-run broilers were randomly assigned to 2
dietary treatments. There were 5 houses per treatment
with 19,000 birds per house. In each house, there were 6
rows of battery cages with 3 tiers. The 2 dietary treat-
ments included a control diet (a commercial broiler diet)
and a PB supplemented diet at 0.9 kg/MT. On a weekly
basis, 380 birds were randomly selected for body weight
(BW) determination. At 42 d of age, the BW and feed
intake (FI) of each house were recorded, the feed conver-
sion ratio (cFCR) was calculated and corrected with
the final BW, and the European production index
(EPI) was calculated. Additionally, 8 birds per house
(40 birds/experimental group) were randomly selected
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to collect cecal content for microbiome analysis. The
supplementation of PB significantly improved (P <
0.05) the BW of the birds at 7, 14, and 21 d and numeri-
cally improved the BW of the birds by 64 and 70 g at 28
and 35 d of age, respectively. At 42 d, the PB numeri-
cally improved BW by 52 g, and significantly improved
(P < 0.05) the cFCR by 2.2 points and the EPI by 13
points. The functional profile analysis showed a clear
and significant difference in the cecal microbiome
metabolism between control vs. PB supplemented birds.
A higher abundance of pathways was modulated by PB
which were associated with amino acid fermentation
and putrefaction, particularly from lysine, arginine, pro-
line, histidine, and tryptophane which led to a signifi-
cant increase (P = 0.0025) in the Microbiome Protein
Metabolism Index (MPMI) compared to nonsupple-
mented birds. In conclusion, the supplementation of PB
efficiently modulated pathways related to protein fer-
mentation and putrefaction, resulting in higher MPMI
and improved growth performance of broilers.
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INTRODUCTION

The increased recognition of antimicrobial resistance
as a public health risk and, therefore, the imposed
restrictions in the use of antimicrobial growth promoters
(AGP) has driven the search for novel nutritional strat-
egies for broiler chickens. In addition, the advances in
molecular biology, analytics, and data science in the
past years have enhanced our understating on the gas-
trointestinal tract (GIT) microbiome of humans and
chickens (Oakley et al., 2014; Proctor et al., 2019; Glen-
dinning et al., 2020; Sun et al., 2021). These novel
approaches have led to the development of precision
biotics (PBs) that are able to specifically modulate
microbiome pathways of the GIT of chickens (Walsh
et al., 2021; Bortoluzzi et al., 2023). It has been found
that the targeted modulation of microbiome pathways
by the PB, mainly related to protein metabolism and
utilization, and short-chain fatty acid (SCFA) produc-
tion, improve the growth performance of chickens
(Walsh et al., 2021; Jacquier et al., 2022), and increase
the resistance against enteric stress (Crhanova et al.,
2011; Clavijo and Fl�orez, 2018; Blokker et al., 2022).
PBs are complex glycans with specific glycosidic link-

ages (Jacquier et al., 2022) and varying chain size, that
can redirect the functions of the microbiome, beyond the
changes in the taxonomic composition of the microbial

http://orcid.org/0000-0001-7206-9267
http://orcid.org/0000-0001-7206-9267
http://orcid.org/0000-0001-7206-9267
http://orcid.org/0000-0001-7206-9267
https://doi.org/10.1016/j.psj.2023.102596
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:cristiano.bortoluzzi@dsm.com


Table 1. Diet composition and nutrient content of the experi-
mental control diets, as-fed.
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community, toward increased beneficial outputs, such as
higher propionate production (Walsh et al., 2021). Addi-
tionally, it is known that in certain conditions, for
instance, enteric challenges or diets containing low qual-
ity protein, the amount of undigested protein that
reaches the distal portions of the GIT of chickens may
increase. In such circumstances, protein may be fer-
mented by the cecal microbiome and generate metabo-
lites that are detrimental for the health and welfare of
the birds (Apajalahti and Vienola, 2016). Bortoluzzi
et al. (2023) demonstrated that this PB can, in vivo,
shift the microbiome metabolic pathways toward better
utilization of protein, which resulted in a higher Micro-
biome Protein Metabolism Index (MPMI), defined as
the ratio between the abundance of beneficial by detri-
mental genes related to protein metabolism. It was also
reported, ex vivo, that the PB can change the microbial
pathways and increase the MPMI regardless of the BW
(low or high) of the chickens from which the samples
were collected (Bortoluzzi et al., 2023). Hence, the abil-
ity to redirect specific metabolic functions of the micro-
biome with precision nutritional ingredients is essential
to minimize the impact of undigested protein that accu-
mulates in the ceca, aiming to improve growth perfor-
mance and welfare of chickens.

By shifting microbiome pathways of the GIT of chick-
ens with the use of PB creates possibilities to modulate
host physiology. The host-microbiome interface as a sin-
gle organism offers the idea of a holobiont organism
(Bordenstein and Theis, 2015). The immunomodulation
as an indirect effect of the changed microbiome is a nota-
ble example of this symbiotic relationship. As indicated
by Blokker et al. (2022), the PB improved the resilience
of broiler chickens against enteric stress and improved
the growth performance. Therefore, the objective of the
present study was to evaluate the effect of the supple-
mentation of PB on the growth performance, and cecal
microbiome modulation of broiler chickens raised under
field conditions.
Ingredient, % Starter Grower Finisher
0−14 d 14−28 d 28−42 d

Corn 26.97 24.56 22.89
Wheat 12.00 15.00 15.00
Brown rice 10.00 12.00 15.00
Soybean meal, 46% crude protein 30.34 26.07 21.27
Wheat shorts 10.00 10.00 10.00
Corn gluten meal 3.00 4.00 5.00
Peanut meal 2.00 2.00 3.00
Soya oil 1.35 2.51 4.43
Limestone 1.51 1.41 1.28
Dicalcium phosphate 1.35 1.03 0.78
L-Lysine sulfate 0.45 0.43 0.42
DL-Methionine 0.24 0.18 0.13
Salt 0.30 0.30 0.30
Vit-min premix1 0.50 0.50 0.50
Total 100.00 100.00 100.00
Formulated nutrients, %
Crude protein, % 23.00 22.00 21.00
AME, kcal/kg 2869 2999 3179
Total Ca, % 0.90 0.80 0.70
Total P, % 0.65 0.57 0.51
1Vitamin-mineral premix provided (per kg of diet): vitamin A 9,000 IU,

vitamin D3 2,000 IU, vitamin E 11 IU, vitamin K3 1.0 mg, vitamin B1
1.2 mg, vitamin B2 5.8 mg, vitamin B6 2.6 mg, vitamin B12 0.012 mg, nia-
cin 66 mg, pantothenic acid 10 mg, biotin 0.10 mg, folic acid 0.7 mg, I
0.65 mg, Se 0.35 mg.
MATERIALS AND METHODS

Birds, Experimental Design and Diets

A commercial trial was carried out on a farm in Wei-
fang City, Shandong Province, China. The animal care
and use procedures were in accordance with the Guide-
lines of Farm Animal Welfare Requirements: meat-type
chicken (CAS, 2017), and followed by qualified person-
nel. A total of 190,000-day-old Ross 308 straight-run
broilers were randomly assigned to 2 dietary treatments.
There were 5 houses per treatment with 19,000 birds per
house. In each house, there were 6 rows of battery cages
with 3 tiers, and approximately 1,200 cages per house,
with 16 birds per cage. The cage unit was divided into
1.4 m £ 0.8 m with approximately 16 birds per unit. All
birds were reared in an environmentally controlled room
with a lighting program of 23L: 1D during the first week
and 20L: 4D afterward until the end of the trial. The
temperature started at 31°C on the first day and
dropped gradually to 27.5°C by the end of the first week,
26°C by the second week, 25.5°C by the third week,
23.5°C by the fourth week, 22.5°C by the fifth week and
maintained at 22°C during the sixth week. The vaccina-
tion program was as follows: in the hatchery, a combined
vaccine against Newcastle disease (ND) and infectious
bronchitis (IB) was applied by spray and a quadruple
vaccine against ND, IB, avian influenza and infectious
bursal disease was applied by injection; at 7 d, a com-
bined vaccine against ND and IB was applied by nasal/
eye drops; at 21 d, a combined vaccine against ND and
IB was applied by water. The trial lasted for 42 d com-
prising of a 14-day starter diet, a 14-day grower diet,
and a 14-day finisher diet. Birds had ad libitum access to
feed and water.
The 2 dietary treatments included a control diet (a

commercial broiler diet) and a PB supplemented diet at
0.9 kg/MT (Symphiome, DSM Nutritional Products).
The PB is a complex glycan mixture technically defined
as a PB, from DSM Nutritional Products, Kaiseraugst,
Switzerland (Jacquier et al., 2022). The diet composition
and nutrient content of control diets for the 3 phases are
shown in Table 1. All the diets were pelleted at 70°C to
75°C.
Sampling and Measurements

On a weekly basis, 380 birds (2%) per house were ran-
domly selected for BW. At 42 d of age, bird weight
(BW) and feed consumption of each house were
recorded, the feed conversion ratio (FCR) was calcu-
lated as feed consumption divided by body weight gain
(BWG), and the FCR corrected with the final body
weight (cFCR) was also reported. The dead birds were
recorded per house. The European production index
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(EPI) was calculated with the formula: EPI = (Average
grams gained/day £ % survival rate)/feed conversion
ratio £ 10.

At 42 d of age, 8 birds per house (40 birds/experimen-
tal group and 80 birds in total) were randomly selected,
the cecal content was aseptically collected (disinfecting
surfaces and utensils, and changing gloves after every
sampled bird), and immediately put in dry ice. The sam-
ples were then frozen at �80°C until further processing
(DNA isolation and sequencing).
Microbiome Analysis—DNA Extraction,
Sequencing, and Functional Mapping

The microbial DNA from the cecal content sample
was extracted using MagPure Stool DNA KF Kit B
(Magen, Guangzhou, China) following the manufac-
turer’s instructions. DNA was quantified with Qubit
Fluorometer using Qubit dsDNA BR Assay kit (Invitro-
gen, Shanghai, China) and the quality was checked by
running an aliquot of DNA on 1% agarose gel.

After DNA extraction, 1 mg of genomic DNA was ran-
domly fragmented with the use of a Covaris focused-
ultrasonicator, followed by purification with AxyPrep
Mag PCR Clean Up kit. The fragmented DNA was
selected by Agencourt AMPure XPMedium kit to an
average size of 200 to 400 bp. The fragments were end
repaired by End Repair Mix and purified afterward. The
repaired DNA was combined with A-Tailing Mix, then
the Illumina adaptors were ligated to the Adenylate
30Ends DNA and followed by purification. The products
were selected based on the insert size. Several rounds of
PCR amplification with PCR Primer Cocktail and PCR
Master Mix were performed to enrich the Adapter-
ligated DNA fragments. After purification, the library
was qualified by the Agilent 2100 bioanalyzer (Agilent,
Shanghai, China) and ABI StepOnePlus Realtime PCR
System. Finally, the qualified libraries were sequenced
on the Illumina Hiseq platform (BGI, Wuhan, China).
Quality control of the sequences and the functional map-
ping was done according to Bortoluzzi et al. (2023) and
is fully described in the Supplementary Material.
Functional Metagenomic Profiling and
Microbiome Protein Metabolism Index

Computed functional metagenomic profiles and the
MPMI calculation was done according to Bortoluzzi
et al. (2023) and is fully described in the Supplementary
Material. Briefly, top microbial metabolic reactions and
KEGG pathways were identified by sorting EC Num-
bers by “Mean Decrease in Accuracy” using the trun-
cated random forest classifier. Functional metagenomic
clustering was performed by local Fisher discriminant
analysis (LFDA), and a graphical representation of
metagenomic similarity was obtained by plotting each
microbiome on a 2-dimensional plane.

The MPMI corresponds to metabolic processes associ-
ated with desirable microbial protein assimilation, while
reactions appearing in the denominator correspond to
undesirable microbial protein putrefaction pathways.
A higher value of the MPMI is associated with more
beneficial microbial protein metabolism.
Statistical Analysis

Growth performance data were subjected to a Student
t test using JMP Pro v. 16.0 (SAS Institute, Cary, NC).
House served as the experimental unit. Statistical signifi-
cance was considered at P ≤ 0.05. Functional metage-
nomics and metabolism index data were analyzed for
statistical significance using either the Kruskal-Wallis
test by ranks or Mann-Whitney U test (Wilcoxon rank-
sum test).
RESULTS

Growth Performance

The random selection of approximately 380 birds per
house on a weekly basis showed that the PB significantly
improved (P < 0.05) BW of birds at 7, 14, and 21 d of
age and numerically improved BW of the birds by 64
and 70 g at 28 and 35 d of age, respectively (Table 2).
Additionally, the PB numerically improved BW of birds
by 52 g on d 42, and significantly improved (P < 0.05)
the cFCR by 2.2 points and the EPI by 13 points
(Table 3).
Functional Microbiome Profile, Microbiome
Protein Metabolism Index, and Pathobionts

The functional changes in the cecal microbiome of
broiler chickens are represented in Figures 1 and 2. The
LFDA of functional profiles (Figure 1) shows a clear and
significant difference in the cecal microbiome metabo-
lism profile between control vs. PB supplemented birds.
The abundance of pathways modulated by PB involves
those associated with amino acid fermentation and
putrefaction, particularly from lysine, arginine, proline,
histidine, and tryptophane (Figure 2). Other pathways
of importance related to purine, vitamins, carbohy-
drates, and ABC transporters were also modulated by
the supplementation of PB. The enzyme numbers shown
in Figure 2 represent the enzyme that was most responsi-
ble to the change within that specific pathway.
The MPMI was calculated for each bird/sample and

values were plotted to compare between control vs. PB
supplemented birds (Figure 3). It was observed that
the supplementation of PB significantly increased
(P = 0.0025) the MPMI showing that there was an
enrichment in the abundance of beneficial and reduction
of putrefactive pathways that led to a higher MPMI in
supplemented birds. Lastly, regarding the abundance of
pathogens (Escherichia coli and Salmonella enterica), it
was observed that the supplementation of PB signifi-
cantly reduced their relative abundances in the cecal
microbiome (Figure 4).



Figure 1. Local Fisher discriminant analysis (LFDA) of functional profiles demonstrating distinct clusters for control and precision biotic fed
birds (n = 40 samples/treatment group).
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DISCUSSION

The PB used in the present study has been previously
shown, in experimental research settings, to modulate
the pathways of the cecal microbiome (Walsh et al.,
2021; Bortoluzzi et al., 2023), resulting in improved
growth performance and welfare (Jacquier et al., 2022)
and increased resilience of the chickens against enteric
stress (Blokker et al., 2022). This is the first study, how-
ever, demonstrating that the outputs obtained in
research trials with the PB supplementation in broiler
chickens were, indeed, translated into commercial condi-
tions. The magnitude of this study shows its paramount
importance wherein 190,000 broilers were used. Addi-
tionally, the number of samples used for sequencing of
Figure 2. KEGG pathway importance in the microbiome of broiler chi
chickens fed the control diet (set as 0). Enzymes (labeled points) were mappe
group).
the cecal microbiome highlights the robustness and rep-
resentativeness of the results.
In a previous meta-analysis by Walsh et al. (2021) it

has been reported how the PB used herein consistently
improved the growth performance of broiler chickens.
Also, Jacquier et al. (2022) demonstrated that this PB
not only improved the growth performance of chickens,
but also had positive effects on the litter quality, which
translated into enhanced gait score. In the present
study, it was observed that the supplementation of PB
significantly increased the BW of the birds with the
cFCR also being improved by 2.2 points at 42 d. It its
known that when chickens are supplemented with AGPs
or its alternatives, the absence of sanitary challenge (i.e.,
intestinal stress and challenge created by experimental
ckens supplemented with precision biotic relative to the microbiome of
d back to KEGG pathways (horizontal bars; n = 40 samples/treatment



Figure 3. Microbiome Protein Metabolic Index (MPMI) of the
cecal microbiome of broiler chickens supplemented or not with precision
biotic (PB). The index is increased with the supplementation of PB
(n = 50; P = 0.0025; n = 40 samples/treatment group).

Table 2. Efficacy of a precision biotic on the body weight of
broilers measured on a weekly basis1.

Treatments Body weight

7 d 14 d 21 d 28 d 35 d

Control 193b 502b 927b 1,396 2,076
Precision biotic 203a 529a 1,001a 1,460 2,146
SEM 2 6 17 18 24
P value 0.03 0.007 0.02 0.07 0.15

1Data were collected from 2% of birds of each house, with 5 replicate
houses per treatment.

a,bMeans with different superscript are statistically different (P < 0.05).
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models or natural infections) may negatively impact the
outcomes and the tested products may not be as effica-
cious as they would be during increased sanitary pres-
sure (Adedokun and Olojede, 2019). Even though the
current study was carried out under commercial condi-
tions, the overall growth performance of the control
group was satisfactory (final cFCR of 1.471) suggesting
a good overall health of the birds. However, the cFCR
improved by 2.2 extra points with the PB, which shows
that by harnessing the full potential of the intestinal
microbiome, precision nutritional ingredients may
improve the performance of the chickens to reach or to
go beyond their genetic potential.

The precise modulation of microbiome metabolic
functions by PB has the advantage of promoting
changes beyond the taxonomic composition of the
Figure 4. Relative abundance (% of total) of Escherichia coli and Salm
or not with precision biotic (PB; P < 0.01; n = 40 samples/treatment group)
microbial communities in the GIT since it was selected
to target specific core microbiome pathways. The pivotal
observation made by the Human Microbiome Project
Consortium (2012) that the microbiome pathway profile
is stable among microorganisms despite their taxonomic
variation, endorses that assumption. It has already been
documented the presence of common core enzyme
related to amino acid, energy, and nucleotide metabo-
lism in a broadly diverse range of organisms with vary-
ing taxonomic composition (Jiang et al., 2016). The
development of PB can target many different outcomes
where the microbiome of the animals exerts a function,
which includes but is not limited to digestion, absorp-
tion, immune homeostasis, pathogen barrier, fluid
absorption, gut-brain axis control, and environmental
emissions. It was demonstrated herein that the inclusion
of PB to diets of broiler chickens reduced the load of
some pathogens, that is, E. coli and S. enterica, but
more importantly, it clearly increased the abundance of
beneficial protein metabolism pathways in the micro-
biome, leading to higher MPMI, as also previously dem-
onstrated by Bortoluzzi et al. (2023).
It has been reported that glycans are transported by

ABC transporters, transmembrane or membrane-associ-
ated proteins, and degraded by hydrolases to be up
taken by bacteria (Koropatkin et al., 2012). Also, as sug-
gested by Hao et al. (2021), glycans are transported into
onella enterica in the cecal microbiome of broiler chickens supplemented
.



Table 3. Efficacy of a precision biotic on the growth performance of broilers from 1 to 42 d of age1.

Treatment BW, g/bird FI, g/bird FCR cFCR Mortality, % EPI

Control 2,735 3,986 1.457 1.471a 1.62 450b

Precision biotic 2,787 4,029 1.446 1.449b 1.56 463a

SEM 28.1 53.7 0.01 0.01 0.09 4.3
P value 0.23 0.62 0.36 0.04 0.70 0.04

1Data were collected from all the birds of each house, with 5 replicate houses per treatment.Abbreviations: BW, body weight; cFCR, FCR corrected
with body weight; EPI, European production index; FCR, feed conversion ratio; FI, feed intake.

a,bMeans with different superscript are statistically different (P < 0.05).
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the periplasmic space, and hydrolyzed into simple sugars
to signal HTCS-like regulator to induce expression of
polysaccharide utilization genes. The beneficial modula-
tion of the microbiome pathways will benefit the host
and increase the resilience against enteric challenges,
especially in broiler chickens raised under commercial
conditions. It has been demonstrated that the PB tested
herein ameliorated the negative impact of coccidiosis in
chickens by improving the intestinal morphology and
modulating the expression of immune, SCFA transport-
ers, and cell-cycling related genes (Blokker et al., 2022).
Furthermore, it enhanced the growth performance and
intestinal mucosa health of chickens to the same extent
as an AGP (Blokker et al., 2022).

There are many other aspects that still need to be
evaluated, such as the impact of PB depending on the
diet type, vaccination programs, interactions with other
additives (feed enzymes and probiotics, for instance), to
fully understand the mechanism of action of PB. How-
ever, we have confirmed that the PB can precisely shift
microbiome functions and significantly increase the pro-
ductivity and health of broiler flocks. In conclusion, the
results presented herein prove that the PB can efficiently
harness the full potential of the intestinal microbiome by
modulating protein metabolism and utilization with
beneficial effects on the growth performance as noted
with improved BW and cFCR.
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