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The intestinal microbiome can influence the efficiency and the health status of its host’s
digestive system. Indigestible non-starch polysaccharides (NSP) serve as substrates for
bacterial fermentation, resulting in short-chain fatty acids like butyrate. In broiler’s nutrition,
dietary crude protein (CP) and butyrate’s presence is of particular interest for its impact
on intestinal health and growth performance. In this study, we evaluated the effect on the
microbial ecology of the ceca of dietary supplementations, varying the cereal type (maize
and wheat), adequate levels of CP and supplementation of sodium butyrate on broiler
chickens with 21 days. The overall structure of bacterial communities was statistically
affected by cereal type, CP, and sodium butyrate (o = 0.001). Wheat in the diet promoted
the presence of Lactobacillaceae, Bifidobacteriaceae and Bacteroides xylanisolvens,
which can degrade complex carbohydrates. Maize positively affected the abundance of
Bacteroides vulgatus. The addition of CP promoted the family Rikenellaceae, while sodium
butyrate as feed supplement was positively related to the family Lachnospiraceae.
Functional predictions showed an effect of the cereal type and a statistical significance
across all supplementations and their corresponding interactions. The composition of
diets affected the overall structure of broilers’ intestinal microbiota. The source of NSP as
a substrate for bacterial fermentation had a stronger stimulus on bacterial communities
than CP content or supplementation of butyrate.

Keywords: broiler chickens, microbiota, non-starch polysaccharides, butyrate, functional prediction

INTRODUCTION

Diet composition has a significant impact on poultry due to its influence on digestibility, gut
wall morphology, and microbial structure, which might affect the health status, carcass composition
and meat quality (Teirlynck et al., 2009). Maize-based (MB) diets have a higher positive impact
on broilers’ performance than other cereals, which is attributed to the low presence of non-starch
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polysaccharides (NSP). NSPs have adverse effects on nutrient
digestion and absorption (Meng et al., 2004; Lentle and Janssen,
2008; Teirlynck et al., 2009). Other cereal-based diets with
higher amounts of NSPs, such as wheat, are supplemented
with additive enzymes like xylanase and glucanase. This facilitates
the degradation of NSPs and the release of carbon sources
that promote a favorable bacterial population in the
gastrointestinal tract (GIT; Lentle and Janssen, 2008).
Fermentation products, like short-chain fatty acids (SCFA), are
essential for the host metabolism and have positive effects on
gut health.

Growth parameters in broiler chicks are also influenced
by the dietary concentration of crude protein (CP), which
might affect carcass yield and breast meat yield and causes
a decrease in pancreas weight (Alleman et al., 2000; Lentle
and Janssen, 2008; Abbasi et al., 2014). Moreover, in the
intestines, an adequate protein concentration is required to
maintain its viability, mass and amount of energy, where low
levels resulted in the reduction of jejunal villus height and
crypt depth (Abbasi et al.,, 2014).

The addition of butyrate in the form of sodium butyrate
is seen as an alternative to promote broiler chickens’ development.
This compound is solid, stable and is associated with the
improvement of body weight, feed conversion ratio and the
development of gut wall tissues by increasing villus height
and crypt depth ratio of duodenum and jejunum (Leeson et al.,
2005; Jiang et al, 2015; Ahsan et al., 2016). Furthermore, it
modifies immune and inflammatory responses by decreasing
the production of pro-inflammatory cytokines and mitigates
the increase of corticosterone concentration, which is present
during stress conditions (Zhang et al., 2011; Jiang et al., 2015).
Regarding gut intestinal microbiota, butyrate is associated with
increased beneficial bacterial populations while the colonization
of harmful species is reduced (Ahsan et al., 2016).

To analyze the effects of dietary treatments in poultry, one
of the most studied sections in the GIT is the ceca, where
most fermentation processes occur, leading to the assimilation
of complex substrates. This assimilation is facilitated by metabolic
activities of the genera Ruminococcus,  Streptococcus,
Faecalibacterium, Lactobacillus, and Clostridium cluster IV, XIVa
and XIVb (Borda-Molina et al., 2016; Volf et al., 2016), which
colonize and maintain fermentation processes, together with
the production of SCFA including butyrate.

This study aimed to describe the influence of two types of
dietary cereals, two different crude protein contents, and butyrate
supplementation on the cecal microbiota and its central metabolic
functions in broiler chickens with 21 days.

MATERIALS AND METHODS

Birds and Experimental Procedures

The experiment was conducted in the Research Institute
for Animal Breeding, Nutrition and Meat Science at
Herceghalom, Hungary. All procedures regarding animal
handling and treatments were approved by the Government
Office of Pest County, Food Chain Safety, Plant Protection

and Soil Conservation Directorate, Budapest,
(permission number: PEI/001/1430-4/2015).

A total of 240 male one-day-old Ross 308 broiler chicks
were obtained from a commercial hatchery (Gallus Poultry
Farming and Hatching Ltd., Devecser, Hungary) and randomly
allocated to eight dietary groups (n = 30 per group). Specific
details for experimental design have been previously published
(Petrilla et al., 2018). Four of the diets consisted of maize
(MB) as the cereal type and the other four were assigned to
wheat [wheat-based diet (WB)] as the cereal type, supplemented
with xylanase-glucanase enzyme mixture. Crude protein content
was set to an appropriate dietary phase [normal protein (NP)]
or reduced by 15% [low protein (LP)], the latter supplemented
with essential amino acids. The feed was formulated considering
the presence of sodium butyrate (But) or its absence (Ctr;
Supplementary Tables 1A,B). At 21 days, 10 chickens per
group were randomly selected and slaughtered by decapitation
after carbon dioxide anesthesia without any starving period
before sampling. Samples from cecal digesta were immediately
collected and shock-frozen in liquid nitrogen and stored at
—80°C until analysis.

Hungary

DNA Extraction, lllumina Amplicon
Sequencing and Bioinformatic Analysis
DNA was extracted from approximately 250 mg of each digesta
sample using FastDNA™ SPIN Kit for the soil from MP
Biomedicals (Solon, OH, United States) following the
manufacturers instructions. The quality and concentration of
DNA were assessed through NanoDrop 2000 Spectrophotometer
(Thermo Scientific, Waltham, MA, United States), and DNA
was stored until use at —20°C. The V1-2 region of the 16S
rRNA gene was amplified to produce Illumina sequencing
library. The protocol followed the same methodology as
Kaewtapee et al. (Kaewtapee et al, 2017). Briefly, 1 pl
of DNA was used in a 20 pl reaction containing PrimeSTAR
Hot Start DNA polymerase (2.5 U, Clontech Laboratories,
Mountain View, CA, United States), 2.5 mM dNTP
mixture, and 0.2 pM primers; an initial denaturation at 95°C
for 3 min was followed by 20 cycles of denaturation at 98°C
for 10 s, subsequent annealing at 59°C for 10 s, extension
step at 72°C for 45 s and a final extension for 2 min at 72°C;
1 pl from the resultant product was taken to perform the
second PCR with the aforementioned conditions in a 50 pl
reaction for 15 cycles. Amplicons were verified by agarose gel
electrophoresis, purified and normalized using SequalPrep
Normalization Kit (Invitrogen Inc., Carlsbad, CA, United States).
Samples were pooled and sequenced using 250 bp paired-end
sequencing chemistry on an Illumina MiSeq platform.

Raw reads were quality filtered, assembled, and aligned using
Mothur pipeline (Kozich et al., 2013). Sequences were excluded
if they had any primer or barcode mismatch and an N character.
A total of 5.314.942 reads were obtained, checked for chimeras
using UCHIME, and clustered at 97% identity into 1,284
operative taxonomic units (OTU). Only OTUs presenting on
average, an abundance higher than 0.0001% and with a sequence
length > 250 bp were considered for further analysis. The
closest representative was manually identified with RDP’s
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seqmatch function (Wang et al., 2007) and a species name
was given if >97% similarity was observed with the closest
representative sequence. Sequences were submitted to European
Nucleotide Archive under the accession number PRJEB40780.
Functional predictions were obtained with the R package
Tax4Fun, which relies on the SILVA database (Quast et al.,
2013). The biom table to assign this functionality was obtained
from the mothur pipeline.

Correlation network analysis was done based on the SparCC
algorithm (Friedman and Alm, 2012; Chong et al, 2020),
making log ratio transformations and including multiple iterations
to exclude taxa pairs outliers. The algorithm determines the
co-abundance and co-exclusion of bacteria present in the
absolute abundance (Zhang et al., 2018). The permutation was
settled at 100 with a threshold value of p as 0.05 and a
correlation threshold as 0.3 at the genus taxonomical level.
Nodes indicated the genus and were colored based on their
abundance for each treatment, while edges represented the
correlations’ strength.

Statistical Analysis
Datasets were analyzed with the multivariate software PRIMER
(version 7.0.9, PRIMER-E, Plymouth Marine Laboratory,
Plymouth, United Kingdom; Clarke and Warwick, 1994). Data
were standardized by total, and similarity matrixes were created
using the Bray-Curtis coefficient (Bray and Curtis, 1957).
PERMANOVA analysis, using a permutation method under a
reduced model, was used to study the significant differences
between the dietary treatments and was considered significantly
different if p < 0.05. The community similarity structure was
depicted through Principal Coordinates Analysis (PCoA).
Similarity percentage (SIMPER) analysis was used to identify
the OTUs responsible for the differences between the groups
(Clarke and Warwick, 1994). Correlations were estimated with
the Spearman coefficient using PRISM 6 (GraphPad Software,
CA) and were considered significantly different if p < 0.05.
Diversity indices (Shannon diversity and Pielou’s evenness)
were calculated based on abundance data with PRIMER software.
An univariate approach within the program JMP (JMP®
Pro 15.0.0, Cary, NC, United States) was used to test for
individual effects on each output (OTU assignation, family
assignation, or predicted function at the third KEGG level).
Calculations were based on ANOVA and multiple comparisons
based on the least-squares mean estimates and followed the model:

Yijki = M+ cereal type; + crude protein; +
sodium butyratey + (cereal type; X crude protein j) +
(cereal type; X sodium butyratek) +
(crude protein; X cereal lypek)+
(cereal type; X crude protein X sodium bulymtek) +
block; + ejj

RESULTS

Notwithstanding that the present trial was not designed to study
the animals’ growth performance, it should be addressed that

the growth of the broilers matched the standards of the Ross
308 breed. Body weight and average daily body weight gain
data are presented in [Supplementary Table 2; according to
(Petrilla et al., 2018)]. The applied dietary strategies can effectively
contribute to better growth performance and carcass characteristics
of broilers. The body weight of the chickens increased significantly
with the low protein diet with essential amino acid
supplementation during the entire trial (Supplementary Table 2).

Taxonomical Distribution Based on Dietary
Supplementations

A significant interaction between the type of cereal, the
normal or decreased content of crude protein, and the
presence or absence of sodium butyrate (CeXCPxSo) was
found in the caecal microbial communities (p = 0.001;
Supplementary Table 3). Furthermore, pairwise comparisons
showed that the microbial communities differed from each
other in all diets (p < 0.05; Supplementary Table 3). The
sample average similarity ranged between 59% (NP MB Ctr)
and 43% (LP WB But). A clustering of the caecal microbiota
samples based on maize or wheat was observed sharing 54%
similarity. (Figure 1 and Supplementary Figures 1, 2A).
Even if significant differences were confirmed for the CP and
sodium butyrate supplementation (Supplementary Table 3),
there was no apparent clustering based on those criteria
(Supplementary Figures 2B,C). Shannon diversity index did
not show significant statistical differences between the different
diets, which confirms the abundance of species as the driving
factor for the variations (Supplementary Figure 3).

The most predominant phylum in all treatments was
Firmicutes accounting for 57-71% of the total community and
higher abundances were detected in diets with LP content
(Supplementary Figure 4). Bacteroidetes was the second most
abundant phylum (21-32%) with lower relative abundances in
the WB diets than the maize and diets with LP contents. On
the third position, Proteobacteria were 5 to 10% abundant,
showing higher fractions with normal CP levels. Actinobacteria
was promoted when WB diet was fed, with abundances ranging
from 2 to 4% compared to 0.2-0.4% in maize-based diets.
Furthermore, diets NP WB But and LP WB But, with butyrate
supplementation, had more OTUs affiliated to the phylum
Actinobacteria (Supplementary Figure 4).

The abundance of Bifidobacteriaceae and Lactobacillaceae
increased for the WB diets (Supplementary Figure 5A).
Rikenellaceae was more abundant in diets with a normal level
of CP content, whereas Ruminococcaceae was promoted in
the diet with low CP content (Supplementary Figure 5A and
Supplementary Table 4). Additionally, sodium butyrate
supplementation increased the presence of Lachnospiraceae
(Supplementary Table 4). The abundance of Bacteroidaceae
was affected by the interaction of CP content and sodium
butyrate. This family was detected in higher abundance in the
diet with normal CP and without sodium butyrate
supplementation (Supplementary Table 4).

Thirty-two OTUs were the most important contributors
to the differences observed across all diets. OTUL, closely
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FIGURE 1 | Principal coordinate analysis showing the microbial community distribution of the eight dietary treatments. NP, normal protein diet; LP, low protein diet;
MB, maize based diet, WB, wheat based diet; But, sodium butyrate; Ctr, no sodium butyrate.

related to Bacteroides vulgatus, was detected in higher
abundance in MB NP Ctr (23%), and in lower abundance
in LP WB But (8%; Figure 2). It was significantly affected
by all three factors and promoted by maize as the
cereal type (p < 0.0001), and no sodium butyrate
supplementation (p = 0.0008; Supplementary Table 5). OTU1
showed negative interactions with several other OTUs
(Supplementary Table 6). Bacteroides xylanisolvens (OTU 3)
was more abundant in case of diets LP WB But and LP
MB Ctr (11 and 10%, respectively), whereas it was found
with 4% abundance in diets NP MB Ctr, NP WB But,
and LP WB Ctr (Figure 2). OTU3 was affected by the
interaction of the three factors (p = 0.0008): maize as cereal
type, low CP, and no sodium butyrate supplementation
(Supplementary Table 5). OTUS8 assigned to an uncultured
Ruminococcus registered the highest abundance in LP MB
Ctr (10%; Figure 2) with a tendency to be promoted by
the wheat as the cereal type (p = 0.07) and positive correlations
to other OTUs (Supplementary Table 6).

The genus Lactobacillus, represented by OTU2 - Lactobacillus
crispatus and OTU11 - Lactobacillus vaginalis, showed a positive
correlation with body weight (Figure 3). OTU2 was more
abundant in WB diets such as in NP WB But (14%), while an
average abundance of 6% was registered for MB diets (Figure 2).
It is influenced by the interaction of crude protein level and
sodium butyrate (p = 0.03), and a tendency was detected for
the cereal type and CP (p = 0.07; Supplementary Table 5).
OTU2 showed positive interactions with other OTUs assigned
to Lactobacillus (Supplementary Table 6). OTU4, assigned to
Lactobacillus salivarius, was registered in higher abundance NP

MB Ctr (on average 7%) while it was detected in lower abundance
in NP WB Ctr (in av. 3%). OTU4 was affected by the interaction
of the three supplementations (p = 0.011). L. vaginalis (OTU11)
was more abundant when wheat was used as a cereal with
highest abundance in diet LP WB But (4%). This result was
supported by the significant effect found with the cereal type
(p = 0.048; Supplementary Table 5).

Streptococcus alactolyticus (OTU36) was 2% abundant in
the LP MB Ctr diet, while the other registered percentages
were lower than one. The interaction of cereal type and CP
content was significant (p = 0.02) for this OTU. In diets with
maize and wheat supplementation and normal CP (NP MB
Ctr and NP WB Ctr), an uncultured Parasutterella (OTU6)
was found in higher abundance (4%) when compared to other
diets. This OTU was significantly affected by crude protein
(p = 0.003) and sodium butyrate supplementation (p = 0.007;
Supplementary Table 5). The cereal type had a significant
effect on Bifidobacterium pseudolongum (OTU22; p = 0.0002;
Supplementary Table 5) with registered abundances lower than
1% in maize cereal diets, while 1.9% (NP WB Ctr), 3.6% (NP
WB But), 1.4% (LP WB Ctr), and 3.5% (LP WB But) were
detected in WB diets.

The connectivity level was further inspected by a network
analysis based on the differences observed between maize and
wheat. The approach was followed by estimating correlation
values, restricting the components to the genus level, and
decreasing compositional effects. A higher quantity of significant
edges was observed with wheat as a cereal type (Figure 4).
More connections to the Lactobacillus and Bacteroides genera
were observed compared to the MB diet.
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Functional Prediction of the Microbial
Communities Influenced by the Diets
Functional predictions showed the strongest effect of the cereal
type (Supplementary Table 7) and other statistical significances
across all supplementations and their corresponding interactions

(p < 0.05; Supplementary Table 8). The influence of the cereal
type was also observed in the microbial community composition
(Supplementary Figure 1A). The pairwise comparison
demonstrated that significant differences were present mainly
when the cereal type changed. The broad categories of amino
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acid metabolism, carbohydrate metabolism, biosynthesis of other
secondary metabolites, protein export, lipid metabolism,
membrane transport were identified as the cause of the
changes in predicted functions between the cereal types
(Supplementary Table 8). Moreover, maize influenced a higher
abundance of the predicted functions of the carbohydrate
metabolism and biosynthesis of other secondary metabolites
(p < 0.05; Figure 5).

Some functions within amino acid metabolism differed
significantly with sodium butyrate supplementation. Specifically,
glycine, serine, and threonine metabolism had more abundance
of genes in the absence of butyrate, while cysteine and methionine
metabolism and lysine biosynthesis were higher in the presence
of butyrate (Supplementary Table 8).

Crude protein content was significantly different for lysine
degradation (amino acid metabolism) and galactose metabolism
(Carbohydrate metabolism), where normal levels induced a
higher abundance of genes (Supplementary Table 8).

DISCUSSION

Cereal type, CP levels, and presence/absence of sodium butyrate
have a decisive impact on the gut microbial structure. Diet
is one of the main contributors that influence both the host
and its microbes (Borda-Molina et al., 2018; Makki et al.,
2018). Therefore, different studies focused on the impact of
cereal types on the gut microbiota (Maesschalck et al., 2019;
Paraskeuas and Mountzouris, 2019), different levels of CP
(Apajalahti and Vienola, 2016; Cesare et al., 2019) and different
concentrations of sodium butyrate (Bortoluzzi et al., 2017; Wu
et al., 2018). However, until now, there was no study testing
the influence of these three essential dietary components in
the same experimental trial.

In this work, the main contributor to differences in the
community structure was the cereal supplementation. Wheat-
based diets contain a high concentration of non-digestible
polysaccharides, causing the need for supplementing enzymes
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like xylanase-glucanase mixtures to improve digestibility
(Keyser et al., 2016). This could influence the activities and
the composition of the microbial structure. Bacteroides vulgatus
is a common colonizer of the chicken cecum (Torok et al,
2011), and it is known to metabolize starch (McCarthy et al.,
1988). The lower dominance of B. vulgatus in wheat diets
could be determined for possible effects on variations in apparent
metabolizable energy (Crisol-Martinez et al., 2017).

Bacteroides xylanisolvens was promoted in the presence of
WB diets. In the polysaccharides presented in cereals, there
is a high content of xylans, which can be degraded to
glucoronoarabinoxylans and arabinoxylans, through the
xylanolytic activity exerted by B. xylanisolvens (Despres et al.,
2016). Xylans and their derived compounds are considered to
be prebiotic substrates that promote the presence of well-
described beneficial bacteria Lactobacillus and Bifidobacteria
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(Despres et al, 2016). In this study, wheat promoted the
presence of Bifidobacterium pseudolongum. Bifidobacterium spp.
have been previously reported in higher levels in WB diets
(Paraskeuas and Mountzouris, 2019). These species can use
oligosaccharides from complex plant cell wall substrates due
to the high glycosidase activity (van Laere et al, 2000).
Lactobacillaceae is also known to develop fermentative activities

with xylan and its compounds (Ratnadewi et al., 2020), which
is in line with this study’s findings. Two of the most abundant
OTUs (2 and 11) related to Lactobacillus species were also
more abundant in WB diets.

Co-occurrence patterns investigated through network
analysis are used to depict the microbes’ co-existence and
maintenance in a determined environment (Williams et al., 2014).
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In this study, wheat promotes more neighborhood connectivity
in comparison to MB diets. It is suggested that high interactions
are promoted in more stable communities (Cardona et al.,
2016). Therefore, it is interesting to observe that in wheat
diets, Lactobacillus, Bacteroides, and unclassified Lachnospiraceae
behave like keystone genera (Cardona et al., 2016) since they
are detected in higher abundances and also have the more
increased connectivity based on the microbial network analysis.
Furthermore, Lactobacillus positively correlates with the birds’
body weight, and simultaneously high abundances were observed
in those animals fed with WB diets.

Predicted functions determined cereal type as the most
influencing factor. Biosynthesis of secondary metabolites and
carbohydrate metabolites displayed more gene abundance for
MB diets, which can be associated with the high nutritional
value and the dietary preference in chickens for this cereal
type (Kiarie et al., 2014). Maize has high concentrations of
starch and lower contents of water-soluble NSP, antinutrient
components that are much present in wheat (Ranjitkar et al.,
2016). This could imply that more intense interactions need
to be established to degrade complex substrates present in
wheat, while more metabolic activities can be followed in easily
degradable substrates present in maize cereals.

This study showed the influence of CP content on the
microbial structure. Crude protein is essential in chicken
metabolism since it constitutes the source of amino acids
that are further absorbed and transformed into body proteins
(Nakphaichit, 2014). Family Ruminococcaceae, recognized as
a late colonizer of the chicken caeca (Richards et al., 2019),
and family Lachnospiraceae were more abundant in the low
level CP diets. Both families are major members of the phylum
Firmicutes in the ceca; however, Ruminococcaceae is more
abundant in birds with low feed conversion ratios (Singh
et al., 2012) that can be associated in the present study to
the lower levels of CP. The responses obtained by these
family members confirm microbiota’s significant impact on
feed digestion and assimilation of dietary components
(Nakphaichit, 2014).

Butyrate is a source of energy to the intestinal epithelium,
modulates the immune system, affects metabolism, and its
depletion might cause the emergence of diseases by establishing
enteric pathogens (Nicholson et al., 2012; Smith et al., 2013;
Vital et al., 2017). Species of the family Bacteroidaceae have
a large genome, which favors their adaptation to different
environmental factors. The presence of carbohydrate-degrading
enzymes allows the digestion of substrates from plant, algae,
or animal sources. Together with the high tolerance to bile
salts in the gut, these conditions influence a beneficial relationship
with the host (Wexler, 2014). In this study, this family was
affected by sodium butyrate and CP as an indicator of the
microbes’ response to gut environmental conditions.

The present study showed the close interactions between
microbial community composition, including the predicted
functions and the complex feedstuff ingredients. It was observed
that higher impacts were observed for maize as the main
dietary cereal type promoting more abundant species. At the
same time, wheat was associated with a higher abundance of

well-recognized beneficial microorganisms belonging to
Lactobacillaceae and Bifidobacteriaceae. Predicted functions
demonstrated that maize could be considered the most potent
cereal to promote the metabolism and biosynthesis of secondary
metabolites. At the same time, genera in the WB diets have
more interactions based on network connectivity due to the
higher complexity of this cereal type.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found at: https://www.ebi.ac.uk/
ena, PRJEB40780.

ETHICS STATEMENT

The animal study was reviewed and approved by Government
Office of Pest County, Food Chain Safety, Plant Protection
and Soil Conservation Directorate, Budapest, Hungary.

AUTHOR CONTRIBUTIONS

GM, ZN, KH, JS, and AC-S: conceptualization. DB-M, MM:
methodology. DB-M, GM, and MM: performed the experiment.
DB-M, JS, and AC-S: formal analysis. DB-M, GM, MM, ZN,
KH, JS, and AC-S: writing—review and editing. ZN and AC-S:
funding acquisition. All authors contributed to the article and
approved the submitted version.

FUNDING

The study was supported by the Hungarian Scientific Research
Fund - OTKA, grant No 114033. AC-S would like to acknowledge
the Ellrichshausensche Stiftung and JS acknowledge the Carl
Zeiss Stiftung for the financial support. AC-S was supported
by the European Social Fund and by the Ministry of Science,
Research and Arts of Baden-Wiirttemberg.

ACKNOWLEDGMENTS

The authors acknowledge support by the High Performance
and Cloud Computing Group at the Zentrum fiir
Datenverarbeitung of the University of Tiibingen, the state of
Baden-Wiirttemberg through bwHPC.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.617800/
full#supplementary-material

Frontiers in Microbiology | www.frontiersin.org

January 2021 | Volume 11 | Article 617800


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://www.ebi.ac.uk/ena
https://www.ebi.ac.uk/ena
https://www.frontiersin.org/articles/10.3389/fmicb.2020.617800/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2020.617800/full#supplementary-material

Borda-Molina et al.

Cecal Microbial Modulation

REFERENCES

Abbasi, M. A., Mahdavi, A. H., Samie, A. H., and Jahanian, R. (2014). Effects
of different levels of dietary crude protein and threonine on performance,
humoral immune responses and intestinal morphology of broiler chicks.
Rev. Bras. Cienc. Avic. 16, 35-44. doi: 10.1590/S1516-635X2014000100005

Ahsan, U, Cengiz, 0., Raza, L, Kuter, E., Chacher, M. E A, Igbal, Z., et al.
(2016). Sodium butyrate in chicken nutrition: the dynamics of performance,
gut microbiota, gut morphology, and immunity. World Poultry Sci J. 72,
265-275. doi: 10.1017/50043933916000210

Alleman, E, Michel, J., Chagneau, A. M., and Leclercq, B. (2000). The effects
of dietary protein independent of essential amino acids on growth and
body composition in genetically lean and fat chickens. Br. Poult. Sci. 41,
214-218. doi: 10.1080/713654902

Apajalahti, J., and Vienola, K. (2016). Interaction between chicken intestinal
microbiota and protein digestion. Anim. Feed Sci. Technol. 221, 323-330.
doi: 10.1016/j.anifeedsci.2016.05.004

Borda-Molina, D., Seifert, J., and Camarinha-Silva, A. (2018). Current perspectives
of the chicken gastrointestinal tract and its microbiome. Comput. Struct.
Biotechnol. J. 16, 131-139. doi: 10.1016/j.csbj.2018.03.002

Borda-Molina, D., Vital, M., Sommerfeld, V., Rodehutscord, M., and
Camarinha-Silva, A. (2016). Insights into broilers’ gut microbiota fed with
phosphorus, calcium, and Phytase supplemented diets. Front. Microbiol.
7:2033. doi: 10.3389/fmicb.2016.02033

Bortoluzzi, C., Pedroso, A. A., Mallo, J. J,, Puyalto, M., Kim, W. K., and
Applegate, T. J. (2017). Sodium butyrate improved performance while
modulating the cecal microbiota and regulating the expression of intestinal
immune-related genes of broiler chickens. Poult. Sci. 96, 3981-3993. doi:
10.3382/ps/pex218

Bray, J. R., and Curtis, J. T. (1957). An ordination of the upland forest communities
of southern Wisconsin. Ecol. Monogr. 27, 325-349. doi: 10.2307/1942268

Cardona, C., Weisenhorn, P, Henry, C., and Gilbert, J. A. (2016). Network-
based metabolic analysis and microbial community modeling. Curr. Opin.
Microbiol. 31, 124-131. doi: 10.1016/j.mib.2016.03.008

Chong, J., Liu, P, Zhou, G., and Xia, J. (2020). Using MicrobiomeAnalyst for
comprehensive statistical, functional, and meta-analysis of microbiome data.
Nat. Protoc. 15, 799-821. doi: 10.1038/s41596-019-0264-1

Clarke, K. R., and Warwick, R. M. (1994). Change in marine communities: An
approach to statistical analysis and interpretation. Plymouth, UK: PRIMER-E Ltd.

Crisol-Martinez, E., Stanley, D., Geier, M. S., Hughes, R. J., and Moore, R. J.
(2017). Sorghum and wheat differentially affect caecal microbiota and
associated performance characteristics of meat chickens. Peer] 5:¢36071. doi:
10.7717/peerj.3071

de Cesare, A., Faria do Valle, I, Sala, C., Sirri, E, Astolfi, A., Castellani, G.,
et al. (2019). Effect of a low protein diet on chicken ceca microbiome
and productive performances. Poult. Sci. 98, 3963-3976. doi:10.3382/ps/
pez132

de Keyser, K., Kuterna, L., Kaczmarek, S., Rutkowski, A., and Vanderbeke, E.
(2016). High dosing NSP enzymes for total protein and digestible amino
acid reformulation in a wheat/corn/soybean meal diet in broilers. J. Appl.
Poult. Res. 25, 239-246. doi:10.3382/japr/pfw006

de Maesschalck, C., Eeckhaut, V., Maertens, L., de Lange, L., Marchal, L.,
Daube, G., et al. (2019). Amorphous cellulose feed supplement alters the
broiler caecal microbiome. Poult. Sci. 98, 3811-3817. doi:10.3382/ps/pez090

Despres, J., Forano, E., Lepercq, P., Comtet-Marre, S., Jubelin, G., Chambon, C,,
et al. (2016). Xylan degradation by the human gut Bacteroides xylanisolvens
XB1A(T) involves two distinct gene clusters that are linked at the transcriptional
level. BMC Genomics 17:326. doi: 10.1186/s12864-016-2680-8

Friedman, J., and Alm, E. J. (2012). Inferring correlation networks from genomic
survey data. PLoS Comput. Biol. 8:e1002687. doi: 10.1371/journal.pcbi.1002687

Jiang, Y., Zhang, W., Gao, E, and Zhou, G. (2015). Effect of sodium butyrate
on intestinal inflammatory response to lipopolysaccharide in broiler chickens.
Can. J. Anim. Sci. 95, 389-395. doi: 10.4141/cjas-2014-183

Kaewtapee, C., Burbach, K., Tomforde, G., Hartinger, T., Camarinha-Silva, A.,
Heinritz, S., et al. (2017). Effect of Bacillus subtilis and Bacillus licheniformis
supplementation in diets with low- and high-protein content on ileal crude
protein and amino acid digestibility and intestinal microbiota composition
of growing pigs. J. Anim. Sci. Biotechnol. 8:37. doi: 10.1186/540104-017-0168-2

Kiarie, E., Romero, L. E, and Ravindran, V. (2014). Growth performance,
nutrient utilization, and digesta characteristics in broiler chickens fed corn
or wheat diets without or with supplemental xylanase. Poult. Sci. 93, 1186-1196.
doi: 10.3382/ps.2013-03715

Kozich, J. J., Westcott, S. L., Baxter, N. T., Highlander, S. K., and Schloss, P. D.
(2013). Development of a dual-index sequencing strategy and curation
pipeline for analyzing amplicon sequence data on the MiSeq Illumina
sequencing platform. Appl. Environ. Microbiol. 79, 5112-5120. doi: 10.1128/
AEM.01043-13

Leeson, S., Namkung, H., Antongiovanni, M., and Lee, E. H. (2005). Effect
of butyric acid on the performance and carcass yield of broiler chickens.
Poult. Sci. 84, 1418-1422. doi: 10.1093/ps/84.9.1418

Lentle, R. G., and Janssen, P. W. M. (2008). Physical characteristics of digesta
and their influence on flow and mixing in the mammalian intestine: a
review. J. Comp. Physiol. B Biochem. Syst. Environ. Physiol. 178, 673-690.
doi: 10.1007/500360-008-0264-x

Makki, K., Deehan, E. C., Walter, J., and Bickhed, F. (2018). The impact of
dietary fiber on gut microbiota in host health and disease. Cell Host Microbe
23, 705-715. doi: 10.1016/j.chom.2018.05.012

McCarthy, R. E., Pajeau, M., and Salyers, A. A. (1988). Role of starch as a
substrate for Bacteroides vulgatus growing in the human colon. Appl. Environ.
Microbiol. 54, 1911-1916.

Meng, X., Slominski, B. A., and Guenter, W. (2004). The effect of fat type,
carbohydrase, and lipase addition on growth performance and nutrient
utilization of young broilers fed wheat-based diets. Poult. Sci. 83, 1718-1727.
doi: 10.1093/ps/83.10.1718

Nakphaichit, M. (2014). Effect of increasing dietary protein from soybean meal
on intestinal microbiota and their fatty acids production in broiler chicken.
Adv. Anim. Vet. Sci. 2, 337-343. doi: 10.14737/journal.aavs/2014/2.6.337.343

Nicholson, J. K., Holmes, E., Kinross, J., Burcelin, R., Gibson, G., Jia, W,, et al.
(2012). Host-gut microbiota metabolic interactions. Science 336, 1262-1267.
doi: 10.1126/science.1223813

Paraskeuas, V., and Mountzouris, K. C. (2019). Broiler gut microbiota and
expressions of gut barrier genes affected by cereal type and phytogenic
inclusion. Anim. Nutr. 5, 22-31. doi: 10.1016/j.aninu.2018.11.002

Petrilla, J., Mitis, G., Kulcsar, A., Talapka, P, Bir6, E., Mackei, M., et al. (2018).
Effect of dietary cereal type, crude protein and butyrate supplementation
on metabolic parameters of broilers. Acta Vet. Hung 66, 408-452. doi:
10.1556/004.2018.037

Quast, C., Pruesse, E., Yilmaz, P, Gerken, ], Schweer, T., Yarza, P, et al.
(2013). The SILVA ribosomal RNA gene database project: improved data
processing and web-based tools. Nucleic Acids Res. 41, D590-D596. doi:
10.1093/nar/gks1219

Ranjitkar, S., Karlsson, A. H., Petersen, M. A., Bredie, W. L. P, Petersen, J. S.,
and Engberg, R. M. (2016). The influence of feeding crimped kernel maize
silage on broiler production, nutrient digestibility and meat quality. Br. Poult.
Sci. 57, 93-104. doi: 10.1080/00071668.2015.1115468

Ratnadewi, A. A. I, Amaliyah Zain, M. H., Nara Kusuma, A. N., Handayani, W,,
Nugraha, A. S., and Siswoyo, T. A. (2020). Lactobacillus casei fermentation
towards xylooligosaccharide (XOS) obtained from coffee peel enzymatic
hydrolysate. Biocatal. Agric. Biotechnol. 23:101446. doi: 10.1016/j.bcab.2019.101446

Richards, P, Fothergill, J., Bernardeau, M., and Wigley, P. (2019). Development
of the caecal microbiota in three broiler breeds. Front. Vet. Sci. 6:201. doi:
10.3389/fvets.2019.00201

Singh, K. M., Shah, T., Deshpande, S., Jakhesara, S. J., Koringa, P. G., Rank, D. N,
et al. (2012). High through put 16S rRNA gene-based pyrosequencing analysis
of the fecal microbiota of high FCR and low FCR broiler growers. Mol.
Biol. Rep. 39, 10595-10602. doi: 10.1007/s11033-012-1947-7

Smith, P. M., Howitt, M. R., Panikov, N., Michaud, M., Gallini, C. A.,
Bohlooly-Y, M., et al. (2013). The microbial metabolites, short-chain fatty
acids, regulate colonic treg cell homeostasis. Science 341, 569-573. doi:
10.1126/science.1241165

Teirlynck, E., Bjerrum, L., Eeckhaut, V., Huygebaert, G., Pasmans, E,
Haesebrouck, E, et al. (2009). The cereal type in feed influences gut wall
morphology and intestinal immune cell infiltration in broiler chickens. Br.
J. Nutr. 102, 1453-1461. doi: 10.1017/S0007114509990407

Torok, V. A., Hughes, R. J., Mikkelsen, L. L., Perez-Maldonado, R., Balding, K.,
MacAlpine, R, et al. (2011). Identification and characterization of potential

Frontiers in Microbiology | www.frontiersin.org

January 2021 | Volume 11 | Article 617800


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1590/S1516-635X2014000100005
https://doi.org/10.1017/S0043933916000210
https://doi.org/10.1080/713654902
https://doi.org/10.1016/j.anifeedsci.2016.05.004
https://doi.org/10.1016/j.csbj.2018.03.002
https://doi.org/10.3389/fmicb.2016.02033
https://doi.org/10.3382/ps/pex218
https://doi.org/10.2307/1942268
https://doi.org/10.1016/j.mib.2016.03.008
https://doi.org/10.1038/s41596-019-0264-1
https://doi.org/10.7717/peerj.3071
https://doi.org/10.3382/ps/pez132
https://doi.org/10.3382/ps/pez132
https://doi.org/10.3382/japr/pfw006
https://doi.org/10.3382/ps/pez090
https://doi.org/10.1186/s12864-016-2680-8
https://doi.org/10.1371/journal.pcbi.1002687
https://doi.org/10.4141/cjas-2014-183
https://doi.org/10.1186/s40104-017-0168-2
https://doi.org/10.3382/ps.2013-03715
https://doi.org/10.1128/AEM.01043-13
https://doi.org/10.1128/AEM.01043-13
https://doi.org/10.1093/ps/84.9.1418
https://doi.org/10.1007/s00360-008-0264-x
https://doi.org/10.1016/j.chom.2018.05.012
https://doi.org/10.1093/ps/83.10.1718
https://doi.org/10.14737/journal.aavs/2014/2.6.337.343
https://doi.org/10.1126/science.1223813
https://doi.org/10.1016/j.aninu.2018.11.002
https://doi.org/10.1556/004.2018.037
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1080/00071668.2015.1115468
https://doi.org/10.1016/j.bcab.2019.101446
https://doi.org/10.3389/fvets.2019.00201
https://doi.org/10.1007/s11033-012-1947-7
https://doi.org/10.1126/science.1241165
https://doi.org/10.1017/S0007114509990407

Borda-Molina et al.

Cecal Microbial Modulation

performance-related gut microbiotas in broiler chickens across various feeding
trials. Appl. Environ. Microbiol. 77, 5868-5878. doi: 10.1128/ AEM.00165-11

van Laere, K. M., Hartemink, R., Bosveld, M., Schols, H. A., and Voragen, A. G.
(2000). Fermentation of plant cell wall derived polysaccharides and their
corresponding oligosaccharides by intestinal bacteria. J. Agric. Food Chem.
48, 1644-1652. doi: 10.1021/j£990519i

Vital, M., Karch, A., and Pieper, D. H. (2017). Colonic butyrate-producing
communities in humans: an overview using omics data. mSystems 2,
€00130-e00147. doi: 10.1128/mSystems.00130-17

Volf, J., Polansky, O., Varmuzova, K., Gerzova, L., Sekelova, Z., Faldynova, M.,
et al. (2016). Transient and prolonged response of chicken cecum mucosa
to colonization with different gut microbiota. PLoS One 11:€0163932. doi:
10.1371/journal.pone.0163932

Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naive Bayesian
classifier for rapid assignment of rRNA sequences into the new bacterial
taxonomy. Appl. Environ. Microbiol. 73, 5261-5267. doi: 10.1128/ AEM.00062-07

Wexler, H. M. (2014). “The genus Bacteroides” in The prokaryotes: Other major
lineages of bacteria and the archaea. eds. E. Rosenberg, E. E DeLong, S. Lory,
E. Stackebrandt and F. Thompson (Berlin, Heidelberg: Springer Berlin
Heidelberg; Imprint: Springer), 459-484.

Williams, R. J., Howe, A., and Hofmockel, K. S. (2014). Demonstrating microbial
co-occurrence pattern analyses within and between ecosystems. Front. Microbiol.
5:358. doi: 10.3389/fmicb.2014.00358

Wu, W, Xiao, Z., An, W, Dong, Y., and Zhang, B. (2018). Dietary sodium
butyrate improves intestinal development and function by modulating the
microbial community in broilers. PLoS One 13:¢0197762. doi: 10.1371/journal.
pone.0197762

Zhang, W. H., Jiang, Y., Zhu, Q. E, Gao, E, Dai, S. E, Chen, ], et al. (2011).
Sodium butyrate maintains growth performance by regulating the immune
response in broiler chickens. Br. Poult. Sci. 52, 292-301. doi: 10.1080/
00071668.2011.578121

Zhang, L., Wu, W,, Lee, Y. -K., Xie, J., and Zhang, H. (2018). Spatial heterogeneity
and co-occurrence of mucosal and luminal microbiome across swine intestinal
tract. Front. Microbiol. 9:48. doi: 10.3389/fmicb.2018.00048

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Copyright © 2021 Borda-Molina, Mdtis, Mackei, Neogrddy, Huber, Seifert and
Camarinha-Silva. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or reproduction
in other forums is permitted, provided the original author(s) and the copyright
owner(s) are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction
is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

11

January 2021 | Volume 11 | Article 617800


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1128/AEM.00165-11
https://doi.org/10.1021/jf990519i
https://doi.org/10.1128/mSystems.00130-17
https://doi.org/10.1371/journal.pone.0163932
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.3389/fmicb.2014.00358
https://doi.org/10.1371/journal.pone.0197762
https://doi.org/10.1371/journal.pone.0197762
https://doi.org/10.1080/00071668.2011.578121
https://doi.org/10.1080/00071668.2011.578121
https://doi.org/10.3389/fmicb.2018.00048
http://creativecommons.org/licenses/by/4.0/

	Caeca Microbial Variation in Broiler Chickens as a Result of Dietary Combinations Using Two Cereal Types, Supplementation of Crude Protein and Sodium Butyrate
	Introduction 
	Materials and Methods
	Birds and Experimental Procedures
	DNA Extraction, Illumina Amplicon Sequencing and Bioinformatic Analysis
	Statistical Analysis

	Results
	Taxonomical Distribution Based on Dietary Supplementations
	Functional Prediction of the Microbial Communities Influenced by the Diets

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Supplementary Material

	References

