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This study focused on identifying reproducible effects of dietary supplementation with a mannan oligosaccharide (MOS) on the
broiler cecal bacterial community structure and function in a commercial production setting. Two separate trials, each with a
control and a supplemented group, were carried out in the same commercial location and run concurrently. Approximately
10,000 birds from the same commercial hatchery were mirror imaged into each of four commercial broiler sheds and fed either a
control or supplemented diet. Cecal contents were obtained on days 7, 21, and 35 posthatch from 12 randomly caught broilers
from each group. Bacterial pyrosequencing was performed on all samples, with approximately 250,000 sequences obtained per
treatment per time point. The predominant phyla identified at all three time points in both trials were Firmicutes, Bacteroidetes,
Proteobacteria, Actinobacteria, and Tenericutes, representing >99% of all sequences. MOS supplementation altered the bacterial
community composition from 7 days supplementation through 35 days supplementation. Bacteroidetes appeared to be replacing
Firmicutes as a result of supplementation, with the most noticeable effects after 35 days. The effects of supplementation were
reproducible across both trials. PICRUSt was used to identify differences between the functional potentials of the bacterial com-
munities as a result of MOS supplementation. Using level 3 KEGG ortholog function predictions, differences between control
and supplemented groups were observed, with very strong segregation noted on day 35 posthatch in both trials. This indicated
that alterations of bacterial communities as a result of MOS are likely to alter the functional capability of the cecum.

The gastrointestinal microbiota plays a vital role in nutritional,
physiological, and protective functions in animals (1). An un-

derstanding and a description of the intestinal microbial commu-
nities in broilers are important for the development of new feed
additives and the appropriate manipulation of diets to improve
broiler performance, health, and welfare (2). The intestinal micro-
biota has a major impact on the bioavailability and bioactivity of
dietary components by consuming, storing, and circulating nutri-
ents effectively, while also impacting the host’s ability to resist
infection, thereby making an essential contribution to host health
and performance (3). Poor intestinal health in poultry is associ-
ated with increased susceptibility to infectious disease and coloni-
zation by pathogens (4). Bacterial-disease outbreaks impose sig-
nificant constraints on poultry production, adversely impacting
the poultry industry by reducing animal welfare and productivity
through disease, poor digestion, and poor nutrient absorption.
This, in turn, can lead to significant losses for the farmer and can
increase the potential for the contamination of poultry products
marketed for human consumption (5).

Traditionally, antibiotics have been used in poultry feed at sub-
therapeutic levels to prevent clinical and subclinical levels of dis-
ease, leading to improved growth rates and feed efficiencies (6).
An increase in food safety concerns resulting from extensive anti-
biotic use has seen the poultry industry challenged in recent years
as safer meat, free from antibiotics and disease, has become a
requirement within the European Union (7). Consumer demand
for antibiotic-free meat has also increased within the United States
and other antibiotic-using countries as a result of concerns about
the spread of antibiotic resistance, making it necessary for poultry
producers to find suitable replacements for antibiotic growth pro-
moters (8). There are many feed supplements that are focused on
stabilizing the gut microflora to aid intestinal health and decrease

the animals’ susceptibility to disease, e.g., prebiotics, probiotics,
and organic acids (9). Prebiotics, such as mannan oligosaccha-
rides (MOS), have been found to have beneficial effects on broil-
ers. The effects of MOS supplementation on bird health and per-
formance have been studied comprehensively, and MOS have
proven effective at improving weight gain and feed conversion
efficiencies while also protecting against infection through patho-
gen binding (10, 11). However, little is known about the effect of
MOS supplementation on the unculturable bacterial community
of birds. To understand and exploit the gut microbiota and the
impact of its manipulation on health and performance, it is nec-
essary to decipher the content, diversity, and particularly the func-
tion of the microbial gut community. Therefore, high-throughput
sequencing of the V4 to V6 variable region of the 16S rRNA gene
was used in this study to assess the cecal microbial diversity across
two broiler trials in response to MOS supplementation in a stan-
dard production setting. Profiling phylogenetic marker genes,
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such as the 16S rRNA gene, is a key tool for studies trying to
understand these microbial communities but does not provide
direct evidence of a community’s functional capabilities. This
study also focused on using a computational approach, PICRUSt
(http://picrust.github.io/picrust/), to predict the effect of altering
the bacterial community structure with MOS material (Actigen;
Alltech, Nicholasville, KY) on the overall function of the broiler
cecal microbiota (12). The phylogenetic and functional capacities
of the intestinal microbiota are of great interest to help understand
its roles in health and physiological outcomes. More information
is needed to help with designing and understanding the roles of
specific nutritional intervention strategies. This knowledge will
help the poultry industry in developing future nutritional strate-
gies and preventing disease.

MATERIALS AND METHODS
Experimental design, sample collection, and preservation. Two broiler
trials were performed concurrently at a commercial production site in
Ireland. All animals were taken from a commercial hatchery and trans-
ported to the commercial sheds on the day of hatching. Approximately
10,000 birds were mirror imaged from the hatchery into each of four
sheds, where they received either a control standard commercial corn-soy
diet or a standard diet plus MOS (Actigen; Alltech Biotechnology, Nicho-
lasville, KY) at the manufacturer’s recommended inclusion rates (800
grams per ton [g t�1] [starter ration] and 400 g t�1 [grower ration]). The
birds were raised and fed under typical commercial production condi-
tions, receiving feed and water ad libitum. All other conditions were kept
uniform for all sheds. At days 7, 21, and 35 posthatch, the intact cecal
pouches of 12 randomly caught birds per shed were removed immediately
after euthanization. Animals were euthanized in accordance with humane
killing protocols as set forth in European Union Council Regulation (EC)
1099/2009. The cecal contents were placed into sterile tubes containing
sterilized 20% (wt/vol) maltodextrin, which acts as a lyoprotectant in the
lyophilization process. The tubes were kept frozen on dry ice, transported
within 8 h, lyophilized, and stored at �80°C.

Total DNA extraction and purification. Cecal DNA was extracted as
described previously (13). Briefly, 0.05 g of cecal contents was added to
tubes containing 0.5 g of 0.1-mm glass beads and 0.5 g of 0.5-mm
zirconia beads to which hexadecyltrimethylammonium bromide
(CTAB) extraction buffer (10% CTAB in 0.7-M NaCl mixed with equal
volumes of 240 mM K2HPO4, pH 8.0; Sigma-Aldrich, St. Louis, MO,
USA) was added. The resulting DNA was purified using a High Pure
PCR product purification kit (Roche, Basel, Switzerland) according to
the manufacturer’s instructions and was eluted in a final volume of 50
�l. The DNA was further diluted 1:10 with sterile Milli-Q water for
subsequent analysis.

16S rRNA amplification and full-length V4 to V6 region sequencing.
The full-length V4 to V6 region from the bacterial 16S rRNA operon was
amplified from cecal DNA using a universal primer set, 16S-0515F (5=-T
GYCAGCMGCCGCGGTA-3=) and 16S-1061R (5=-TCACGRCACGAGC
TGACG-3=), tailed on each end with the Roche multiplex identifiers
(MIDs). This barcode-based primer approach allowed sequencing of
multiple samples in a single sequencing run without the need for physical
partitioning. The PCR conditions and reagents were similar to those de-
scribed previously, and a standard concentration of 50 ng of cecal DNA
was used in each reaction (13). The PCR products were purified using a
High Pure PCR product purification kit (Roche, Basel, Switzerland).

Sequencing of the full-length V4 to V6 16S rRNA PCR product using
Y-adapter ligation libraries and MID-barcoded PCR products integrated
through PCR tailing made two distinctly barcoded rapid libraries for
pooling on a GS-FLX run (http://www.454.com/). The blunt-ligation
protocol generated approximately equal amounts of 5=¡3= and 3=¡5=
products. Following sequencing, all the barcodes were sorted and re-
moved, and the reads were quality assessed. The MIRA v. 3.2 assembler

(http://sourceforge.net/projects/mira-assembler/files/MIRA/Older
%20releases/V3.2.0/) was used to assemble the resulting forward and
reverse sequences, typically with overlaps over 90% of their lengths,
into contigs and singletons, with a 98% sequence similarity require-
ment. The assembler has a 454 sequencer-specific error model and is
able to correct for base call errors, and by combining forward and
reverse sequences, it recovers the full-length high-quality V4 to V6
amplicon consensus sequence, even for low-abundance taxa.

OTU picking and phylogenetic-diversity analysis. For taxonomic as-
signments, two distinct de novo operational taxonomic unit (OTU) pick-
ing methods have been used. QIIME v. 1.9 (http://qiime.org/) was used on
the unassembled reads to assign OTUs after de novo clustering, from
GreenGenes 13.8 taxonomy (Lawrence Berkeley National Laboratory) us-
ing 97% identity, to assess alpha and beta diversity. Furthermore,
BLASTN analysis was used on the assembled reads against an in-house-
curated version of the RDP database (Michigan State University, East
Lansing, MI) release 10.29, containing only nonredundant sequence en-
tries with sufficiently detailed phylogenetic assignments. The best 25
BLAST hits per contig or singleton were assigned to OTUs from the NCBI
taxonomy with MEGAN v. 4 (http://ab.inf.uni-tuebingen.de/software
/megan4/). OTU counts were corrected for sequence numbers per contig
to obtain final OTU tables (14). The generalized UniFrac (GUniFrac) (R
Bioconductor v. 2 [http://www.bioconductor.org/]) approach was used
to estimate pairwise distances between samples and to establish beta di-
versity after alpha rarefaction (15). Principal component analysis (PCA)
was performed to establish two-dimensional projections of samples, re-
flecting the time point and the control/treatment status.

Establishment of predictive functional profiles. QIIME v. 1.7 was
used to pick OTUs from the GreenGenes 13.5 taxonomy, in closed refer-
ence mode and using 97% similarity (16, 17). Single rarefaction was per-
formed to normalize the resulting OTU tables to 1,000 taxa per sample.
PICRUSt v. 1.0 was used to correct OTU tables for known 16S rRNA gene
copy numbers for each taxon and subsequently to predict metagenomes
using precalculated KEGG ortholog (KO) and cluster of orthologous
genes (COG) tables (12, 18). These metagenomes were summarized at
different taxonomic levels prior to further normalization by single rar-
efaction at a depth of 1,000 gene copies per sample. The resulting BIOM
(http://biom-format.org/) files were loaded into R, and functional do-
mains with less than 100,000 gene copies cumulated across all 214 samples
were filtered out. KEGG pathway gene copy numbers obtained at the class
level (3) were normalized to reflect the levels observed in day 7 samples
across all 24 treated individuals and controls (19). Hierarchical clustering
was performed on samples using all pathways, whereas k-means partition-
ing (k � 5) was performed on the pathways using the day 35 treated
individuals only.

Data availability. The pyrosequencing data are accessible in the Eu-
ropean Nucleotide Archive (Short Read Archive) under accession number
ERP009698.

RESULTS AND DISCUSSION

Several factors, such as ingredients, dietary supplementation,
breed, genetics, age, and environment, affect the broiler gut mi-
crobiota composition (20–23). The experiment was designed to
control all nongenetic factors and, to some extent, genetic factors
by selecting 2 crops of newly hatched chicks from the same hatch-
ery and splitting each crop into a control and a supplemented unit,
resulting in two separate trials in one location. The study de-
scribed here provides in-depth information on the broiler cecal
microbiota, with 1,547,400 high-quality 16S rRNA pyrosequenc-
ing reads from 144 samples. The purpose of this study was to
identify reproducible alterations in the cecal bacterial microbiome
in commercial broiler flocks in response to dietary supplementa-
tion with MOS and to attempt to attribute functional capabilities
to these alterations.

Effect of MOS on Bacterial Community Structure
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Cecal microbial community dynamics in response to supple-
mentation. The influence of MOS on microbial community de-
velopment in broiler cecal bacterial communities was analyzed by
454 sequencing. A total of 1,547,400 high-quality 16S rRNA pyro-
sequencing reads were obtained from 144 samples collected from
the cecal contents of 12 birds at each time point, days 7, 21, and 35
posthatch, across two trials. After removing low-quality sequences
and chimeras, the average number of reads generated for analysis
was 10,121 (�7,172 [standard deviation {SD}]) sequences from
each broiler cecum, with a median read length of 526 bases in all
samples. Phylogenetic-diversity analysis indicated that our se-
quencing depth was sufficient for coverage of the microbial com-
munities in the cecal samples across all time points (Fig. 1; see Fig.
S1 in the supplemental material).

The sequence reads were taxonomically assigned to OTUs at 3%
distance sequence similarity. Alterations in bacterial community
compositions between samples were visualized using GUniFrac, and
the permutational multivariate analysis of variance (PMAOV) was
used to test for significance. The UniFrac distance measure is widely
used to visualize distances between taxonomic trees; this method has
a good balance between abundant and rare taxa. The implementation
of the method requires that all taxa be at identical levels, and thus, the
species levels from the per-sample taxonomies were extracted. The
cecal bacterial communities of supplemented broilers were statisti-
cally distinct from those of unsupplemented broilers in both trial 1
and trial 2. Trial 1 saw significantly altered bacterial community
structures at all time points (Fig. 2a to c) (P � 0.005), while trial 2 saw
significantly different alterations on days 21 and 35 posthatch (Fig. 3a
to c) (P � 0.005). Samples tended to cluster more strongly by time
point than by treatment, indicating that age was a significant contrib-
utor to bacterial community composition (Fig. 4a and b). A gradual
divergence of the bacterial community compositions as a result of

dietary supplementation with MOS was noted from day 7 to days 21
and 35 posthatch in both trials (Fig. 2 and 3; see Fig. S2 in the supple-
mental material). The 16S rRNA gene survey data revealed that the
starkest alterations in the bacterial community composition were ob-
served at day 35 posthatch for both trials, with the earliest significant
alteration observed on day 7 posthatch.

The development and diversity of the bacterial intestinal mi-
crobiota in poultry have been well documented (24–28). In the
present study, 454 sequencing was successfully used to compare
the gut microbiota development during a total grow-out period in
broilers fed either a control or MOS-supplemented diet. Sequenc-
ing analysis revealed that both diet and age had a significant im-
pact on the composition of the gut microbiota. Relevant studies in
broilers have confirmed increasing bacterial diversity and succes-
sion with age, and the current findings are in agreement with this
(21, 24, 29). The increased diversification and succession of the
bacterial community structure reflect the development of the im-
mature cecal microflora toward a more mature and stable flora, a
characteristic demonstrated in the juveniles of many species, in-
cluding mice and humans (30, 31). Host physiology has been
shown to have an impact on the development of the gastrointes-
tinal microbiota (32). It is also likely that age-related differences
arise due to a number of other factors, including resource compe-
tition between bacterial species, shifts in the host’s diet, or age-
related variation in the chemical and physiological state of the
gastrointestinal tract (33). Broilers are harvested at a relatively
young age, approximately 42 days posthatch. The results pre-
sented here support the idea that during this time, the gastroin-
testinal tract physiology is changing, as well as dietary content, and
the cecal microflora must adapt accordingly, leaving the microbi-
ota transient in nature.

Dietary supplementation has been shown to modify the cecal

FIG 1 Phylogenetic diversity (PD) indexes averaged over 12 samples per time point and treatment. (a) Trial 1. (b) Trial 2. The error bars indicate standard
deviation (SD). PD_whole_tree:Timepoint, phylogenetic diversity of all samples per time point; T1, trial 1; T2, trial 2; C, control; A, MOS (Actigen); D07, day 7;
D21, day 21; D35, day 35.
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microbiota in broilers in many studies (2, 9). Previous studies
involving MOS supplementation in poultry have been carried out
in both research and clean facility settings and have demonstrated
alterations of the bacterial community structure (13, 34). Due to
the highly variable nature of the avian and broiler microbiotas
across different flocks and even between birds in a flock (25, 35),
there is concern that prebiotics and other supplements may be
effective only under limited conditions and may never be usefully
employed across the industry. As evidenced in the present study,
MOS is capable of altering the microbial community structure of
broiler cecal contents throughout the supplementation period in a
typical production setting. Subsequently, the inclusion of MOS,
despite the location, age, and growth setting, has been demon-
strated, both here and in the relevant literature (13, 34), to have
a direct influence on the bacterial community composition in
broilers.

Taxonomic composition. BLASTN analysis against the RDP
database was used for taxonomic assignments. The best 25 BLAST
hits per contig or singleton were assigned to OTUs from the NCBI
taxonomy with MEGAN v. 4. On day 7 posthatch, the cecal bac-
terial communities were classified into five known bacterial phyla
(Fig. 5). Another group of bacterial sequences, which could not be
classified into any known phylum, were labeled “unassigned” in
three of the four treatment groups. Six known bacterial phyla,
along with an unassigned group of sequences, were found on day
21 posthatch, while on day 35 posthatch, eight known phyla and a
group of unclassified sequences were identified (Fig. 5). At all
three sampling time points and in both trials, the predominant
phyla were Firmicutes, Bacteroidetes, Proteobacteria, Actinobacte-
ria, and Tenericutes, representing �99% of all sequences, with the
remaining percentage being made up of the phyla Cyanobacteria,
Streptophyta, Verrucomicrobia, and Lentisphaerae. The predomi-
nant phylum in both trials on all sampling days for the control
group was Firmicutes, followed by Bacteroidetes or Proteobacteria.
This trend was also reflected in the supplemented group at days 7
and 21 posthatch, but not at day 35 posthatch. At that time point,
phylum Bacteroidetes dominance increased to become the most
dominant phylum in trial 1, and it comprised a significant pro-
portion (�41%) of all sequences in trial 2. Bacteroidetes appeared
to be replacing Firmicutes as a result of supplementation with
MOS, as the relative proportions of Firmicutes decreased to just
43% and 53% of all sequences, respectively, in trial 1 and trial 2
compared to 76% and 79% in the control groups at that time
point.

The most dominant bacterial classes across all days and treat-
ments were the Clostridia, Bacilli, and Bacteroidia, with the Nega-
tivicutes increasing to the third most dominant class on day 35
posthatch across all groups (Fig. 6). The class Clostridia domi-
nated on days 7 and 21 posthatch, but at day 35, the shifts observed
at the phylum level became more apparent, as the relative abun-
dance of the class Bacteroidia significantly increased, with a corre-
sponding decrease in the class Clostridia (Fig. 6). A consistent

FIG 2 PCA was performed on pairwise distance estimates obtained from
MEGAN 4 OTU picking, followed by generalized UniFrac analysis to assess for
differences between control and supplemented groups at each time point from
trial 1. (a) Seven days posthatch. (b) Twenty-one days posthatch. (c) Thirty-
five days posthatch. n � 12 for each group. fac1 and fac2 are two principal
components plotted using the s.class function from the R ade4 package. T1,
trial 1; C, control; A, MOS (Actigen); D07, day 7; D21, day 21; D35, day 35.
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decrease across all bacterial families within the phylum Firmicutes
was noted in the supplemented groups on day 35 in both trials and
was most notable in the four most dominant families the Rumi-
nococacceae, the Clostridiaceae, the Lachnospiraceae, and the Lac-

FIG 3 PCA was performed on pairwise distance estimates obtained from
MEGAN 4 OTU picking, followed by generalized UniFrac analysis to assess for
differences between control and supplemented groups from trial 2. (a) Seven
days posthatch. (b) Twenty-one days posthatch. (c) Thirty-five days post-
hatch. n � 12 for each group. T1, trial 1; C, control; A, MOS (Actigen); D07,
day 7; D21, day 21; D35, day 35.

FIG 4 PCA was performed on pairwise distance estimates obtained from
MEGAN 4 OTU picking, followed by generalized UniFrac analysis to assess for
differences according to age rather than treatment. (a) Trial 1. (b) Trial 2. T1,
trial 1; T2, trial 2; C, control; A, MOS (Actigen); D07, day 7; D21, day 21; D35,
day 35.
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tobacillaceae (see Fig. S3 in the supplemental material). Within the
phylum Bacteroidetes, the family Bacteroidaceae was the only fam-
ily seen to have its relative abundance increase as a result of sup-
plementation compared with the control (see Fig. S4 in the sup-
plemental material). No notable changes were observed for
Proteobacteria families as a result of supplementation; however,
the relative abundances of these families decreased on day 35 com-
pared to day 21 (see Fig. S5 in the supplemental material).

During the present trials, three predominant phyla were
identified across all time points in the broiler cecum—Firmic-
utes, Bacteroidetes, and Proteobacteria—which is consistent with
what has been observed in the relevant literature for broilers
and other avian species (13, 34–36). The relative abundances of
the predominant phyla observed across both trials in this study
were similar, and the bacterial communities were altered in the

same manner as a result of supplementation. When comparing
previous studies in broilers, the relative proportions of bacte-
rial phyla, particularly the Firmicutes, Bacteroidetes, and Proteo-
bacteria, have shown variation between broiler trials. Previous
studies have attributed varying microbiota profiles across dif-
ferent trials to setting, location, and feed variation; in fact, the
study by Waite and Taylor (35) showed that the biggest factor
contributing to microbiota variation was the study itself. This
variation was nullified in the case of the current trials, indicat-
ing the robustness of the experimental design. The consistency
in the microbiota between trials observed here, therefore, may
be due to the highly controlled nature of the experiment, with
birds coming from the same hatchery and being fed the same
diet in the same location. However, the eggs were from differ-
ent flocks, which introduced a source of variation. The results

FIG 5 Bacterial phylum distributions (percentages) at each time point in control and MOS-supplemented groups for both trial 1 and trial 2. n � 12 for each
treatment per time point.

FIG 6 Bacterial class distributions (percentages) at each time point in control and MOS-supplemented groups for both trial 1 and trial 2. n � 12 for each
treatment per time point.
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here add to growing evidence that location is the biggest factor
in determining the microbiota composition (35).

Previous work in both broilers and turkeys has noted increases
in the phylum Firmicutes and decreases in Bacteroidetes and Pro-
teobacteria as a result of supplementation with MOS (13, 34);
however, members of the phylum Bacteroidetes were much more
abundant in MOS-supplemented birds in both trials that were run
for this experiment. This observation was repeated in both trial 1
and trial 2, and while large variation in broiler gut microbiota
composition has been discussed, this appears to be a treatment
effect, as all other traditional sources of variation have been elim-
inated. It is likely that the contrasting bacterial alterations between
these trials in response to MOS supplementation (i.e., previously,
an increase in Firmicutes, and currently, an increase in Bacte-
roidetes) are possibly due to two factors. The present trials were
carried out in a commercial production environment, whereas the
previous studies were carried out in a controlled clinical-type re-
search setting, thus placing different selective pressures on the gut
microbiota. Different approaches for phylogenetic identification
were also used in the current study and previous studies. In-depth

454 sequencing was used for this study versus 16S rRNA clone
library identification, with 454 sequencing giving much more
depth of coverage than 16S rRNA clone library analysis. The effect
of MOS supplementation on the Bacteroidetes has not been stud-
ied previously, perhaps because the phylum is not of major con-
cern with regard to avian-pathogenic diseases and because of the
difficulties associated with culturing these bacteria. Bacteroidetes
species are common bacteria in the gut, involved in many impor-
tant metabolic activities, including the fermentation of carbohy-
drates, the utilization of nitrogenous substances, the biotransfor-
mation of bile acids, and the prevention of pathogen colonization
(25, 37, 38). Numerous efforts, especially dietary intervention and
litter management, have been attempted to consistently modulate
the microbiome to enhance feed conversion and gut health (9, 23,
26, 29). What we have observed here is a concordant effect of MOS
supplementation on microbial modulation across two individual
trials with birds raised in different sheds, using birds from the
same hatchery but different crops.

Functional potential of bacterial community composition.
Using PICRUSt, we identified significant differences between the

FIG 7 Heat map reflecting hierarchical clustering of samples and k-means partitioning of normalized predicted gene copy number counts classified into KEGG
pathways. The heat map color codes reflect changes. Dark blue represents �50% change, whereas dark red represents �50% change. T1, trial 1; T2, trial 2; C,
control; A, MOS (Actigen); D07, day 7; D21, day 21; D35, day 35.
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functional potentials of the bacterial community compositions
using the level 3 KEGG ortholog function predictions (Fig. 7).
Differences between control and supplemented groups using the
top-level functional categories were observed, with very strong
segregation noted on day 35 posthatch in both trials (Fig. 7).
These functional categories included the notable enrichment of
numerous pathways, including carbon fixation, chaperone and
folding-catalyst, energy metabolism, homologous-recombina-
tion, oxidative-phosphorylation, and ribosome pathways in
the supplemented groups, and are attributed strongly to the
class Bacteroidia (Fig. 8). Energy metabolism-, chaperone- and
folding-catalyst-, and carbon fixation-associated pathways and
their associated relative gene copy numbers exhibited 35% to
�50% increases in the day 35 supplemented group compared
with the control group. Several functional categories, such as
those associated with sporulation, transporters, transcription fac-
tors, and ABC transporters, diminished to 50% or more in the day
35 treated samples (Fig. 7). These pathways are attributed to the
classes Clostridia and Bacilli (Fig. 8).

The hierarchical cluster analysis based on the metagenome
functional potential associated with the KEGG database showed a
pattern of clustering with respect to that obtained by taxonomic
composition on day 35 posthatch in both trial 1 and trial 2. This
partitioning of the predicted functional pathways indicated that
alterations of bacterial communities as a result of MOS supple-
mentation are also likely to alter the functional capability of the
bacterial community in the cecum. From a functional standpoint,
the enrichment of these pathways could have a number of impli-

cations. It must be noted that, although well validated, PICRUSt’s
predictive approach cannot confirm with absolute certainty the
functional capabilities of the metagenome.

Microorganisms are able to gain energy from multiple meta-
bolic pathways, such as carbon fixation, nitrogen metabolism, and
sulfur metabolism (39). A relative increase in genes associated
with energy metabolism pathways was observed in this study and
may indicate a greater ability of the supplemented group to extract
more energy from the same feed. Much research in both human
and mouse models has shown that increases in the phylum Bacte-
roidetes are associated with lean phenotypes and increases in Fir-
micutes are related to the development of an obese phenotype (40,
41). It has been surmised that Firmicutes-dominant phenotypes
have been related to an increased ability to harvest energy from the
diet, with carbohydrate metabolism the important factor (42–44).
It is unclear if these findings relate to poultry, due to the physio-
logical differences and bacterial compositional differences. Singh
et al. (28) examined the bacterial community composition
changes in high-feed-conversion-ratio (FCR) and low-FCR broil-
ers and found that those birds with a high FCR tended to have
higher levels of Bacteroidetes than birds that had low FCRs, which
contradicts what has been documented in humans and mice (28).
The results predicted in this study using PICRUSt, however, align
with what has been observed by Singh, i.e., that increases in Bac-
teroidetes may be related to increases in energy metabolism. It is
unlikely that the findings based on human and mouse models can
be compared to broilers with the expectation of similar results.
Broilers have been reared specifically for rapid growth and weight

FIG 8 Relative increases and decreases in abundance of OTUs and their associated functional potentials as a result of MOS supplementation. Actigen, MOS;
ucrC�99, a sequence identity threshold of 99% using the UCLUST algorithm.
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gain, with very specific and precise diet formulations. This is in
contrast to human studies, which are being examined for fat de-
position as a result of overconsuming high-calorie energy-dense
westernized diets. Verifying the results obtained by Singh et al.
(28) was not possible, as monitoring individual broilers for FCR
was beyond the scope of the study, but it warrants further inves-
tigation given the results obtained here following MOS supple-
mentation.

Bacterial molecular chaperones and folding catalysts have been
recognized as potent immunogens, active immunomodulators,
and inducers of cross-reactive immunity and autoimmunity (45).
Previous work carried out studying the effects of MOS on the
immune system has shown improvements in immune response
(46–48). These effects may be linked to alterations in the micro-
biota profile (2, 49). Prebiotics have been shown to enhance the
immune response in chickens, resulting in enhanced ability to
clear pathogens from invasion (50). The results in this study show
an uptake in genes associated with molecular chaperones and
folding catalysts, which potentially offers insight into why supple-
mentation with MOS has been shown to have an immunomodu-
latory effect. The effects of dietary supplementation on the im-
mune system have previously been documented by Janardhana et
al. (51) and Baurhoo et al. (48), who demonstrated beneficial im-
mune responses, such as attenuated inflammation with Salmo-
nella lipopolysaccharide (LPS) and increased antibody titers as a
result of supplementation with prebiotics. Improving our under-
standing of this could have major implications for the poultry
industry, as improving performance and reducing disease are
among the most important goals in poultry research.

The carbon fixation pathway in prokaryotes has also shown a
strong uptake in relative gene copy numbers. Microbial fermen-
tation of plant fiber polysaccharides within poultry feed is a major
process in the cecum, and short-chain fatty acids (SCFA) are the
major end products of this process (3, 52). In general, Bacte-
roidetes represent the primary fermenters that transform simple
sugars derived from the breakdown of complex carbohydrates to
organic acids, including SCFA and hydrogen. Secondary ferment-
ers, such as Clostridium species and butyrate-producing bacteria,
further utilize the organic acids to generate additional SCFA (53).
The pathways of formation of the SCFA are not well elucidated,
but propionate is known to be formed by a CO2 fixation pathway
in the human colon (54, 55). It is possible that an uptake in genes
associated with this pathway is related to the increased relative
abundance of the Bacteroidetes microbiota, as shown in Fig. 8.
Bacteroidetes are well-known plant polysaccharide degraders, as
well as propionate producers, and so may have led to an increase
in the SFCA concentration (38). SCFA concentrations were not
measured as part of this study; however, future studies should take
this into account to help better understand the functional impli-
cations of altering the bacterial community structure.

The significant depletion of the pathways related to sporula-
tion, transporters, and transcription factors is possibly due to the
associated decrease in the classes Clostridia and Bacilli. Sporula-
tion is most commonly associated with the Bacilli and Clostridia
(56). Induction of sporulation patterns in Bacillus spp. is usually
attributed to nutrient starvation, and in many clostridial species, it
is due to cessation of growth or exposure to oxygen in the presence
of excess nutrients (57, 58). A reduction in the copy numbers of
genes associated with these pathways is unlikely to be due to oxy-
gen exposure, nutrient depletion, or increased growth but is most

likely due to a reduction in the overall quantities of the bacteria
associated with the genes. ABC transporters utilize the energy of
ATP binding and hydrolysis to transport substrates across cellular
membranes (59). They are essential to cell viability, virulence, and
pathogenicity and vital for cell survival. Transcription factors bind
to DNA, controlling the rate of transcription to RNA. It is possible
that both of these pathways are reduced due to the decrease in
Bacilli and Clostridia. Firmicutes play an important role in fermen-
tation of dietary compounds, transporting many substrates across
their cellular membranes, it is possible that a decrease in ABC
transporter genes is related to a reduction in ATP-powered trans-
location of these substrates across membranes by a reduction in
the number of Firmicutes, and this may be why we also see a re-
duction in transcription factors (60).

Conclusions. A better understanding of the interactions of the
intestinal microbiome with the host and with ingested feed is nec-
essary to further develop poultry nutrition and gut health. A lack
of adequate knowledge on the bacterial diversity, both phyloge-
netically and functionally, in poultry intestines is considered one
of the major information gaps that limit our understanding of
such interactions. Metagenomic analysis allows the relative abun-
dances of most species to be determined and used to generate a
data set for the assessment of the functional potential of each
community. Intriguingly, recent metagenomic studies have sug-
gested that a functional rather than a taxonomic core might be
present within a given microbiome and that changes in these cores
might lead to different physiological states (61, 62). The current
study used a computational approach to project functions on the
bacterial communities identified within the broiler cecum. It
found that MOS supplementation consistently and reproducibly
altered the cecal microbiota and increased the levels of Bacte-
roidetes in the broiler cecum.

The members of the genus Bacteroides generally have very high
hydrolytic activity. They have been characterized as short-chain
fatty-acid producers and are among the most effective degraders
of indigestible carbohydrates, including resistant starch and cellu-
lose. The prevalence of bacterial OTUs related to the degradation
of cellulose and starch is unlikely to be coincidental, due to the
composition of broiler feed. It is therefore to be expected that
bacteria that play a major role in this digestion may be more abun-
dant in those birds that are efficient at retaining and using energy.
The results obtained here may help us to better understand the
mode of action behind improved weight gain and FCR that are
obtained as a result of MOS supplementation. Further research is
warranted to see if these predicted functions translate into pheno-
typical changes in commercial broiler settings.
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