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Table 7.  Ileal and colonic microbiota populations (%�of sequences) of weanling pigs as measured using Illumina sequencing

Phyla Genera Ileum Colon

Euryarchaeota 0.00�– 0.03b 0.11�– 0.03a

 Methanobrevibacter 0.00�– 0.02 0.05�– 0.02
 vadinCA11 0.00�– 0.01b 0.05�– 0.01a

Actinobacteria 5.26�– 1.01a 1.08�– 1.01b

 Actinomyces 0.03�– 0.00a 0.00�– 0.00b

 Unde�ned genus in family Bi�dobacteriaceae 0.38�– 0.12 0.02�– 0.12
 Bi�dobacterium 4.48�– 0.85a 0.68�– 0.86b

 Unde�ned genus in family Coriobacteriaceae 0.37�– 0.16 0.24�– 0.16
 Collinsella 0.00�– 0.01b 0.11�– 0.01a

Bacteroidetes 0.01�– 1.04b 24.48�– 1.04a

 Unde�ned genus in order Bacteroidales 0.00�– 0.04b 0.17�– 0.04a

 Parabacteroides 0.00�– 0.02 0.04�– 0.02
 Prevotella 0.01�– 0.93b 20.89�– 0.93a

 Unde�ned genus in family RF16 0.00�– 0.02 0.03�– 0.02
 Unde�ned genus in family S24-7 0.00�– 0.06b 0.36�– 0.06a

 Unde�ned genus in family [Paraprevotellaceae] 0.00�– 0.00b 0.03�– 0.00a

 CF231 0.00�– 0.04b 0.26�– 0.04a

 [Prevotella] 0.00�– 0.30b 2.69�– 0.30a

Cyanobacteria 0.00�– 0.31b 2.07�– 0.31a

 Unde�ned genus in order YS2 0.00�– 0.31b 2.06�– 0.31a

Firmicutes  89.43�– 2.38a 68.58�– 2.38b

 Unde�ned genus in family Planococcaceae 0.04�– 0.03 0.00�– 0.03
 Aerococcus 0.64�– 0.41 0.00�– 0.41
 Granulicatella 0.03�– 0.02 0.00�– 0.02
 Enterococcus 2.39�– 1.16 0.00�– 1.16
 Unde�ned genus in family Lactobacillaceae 0.32�– 0.22 0.00�– 0.22
 Lactobacillus 33.08�– 3.31a 9.53�– 3.32b

 Pediococcus 0.79�– 0.50 0.00�– 0.50
 Weissella 3.33�– 1.46 0.00�– 1.46
 Streptococcus 29.95�– 3.13a 11.71�– 3.16b

 Turicibacter 0.02�– 0.01a 0.01�– 0.01b

 Unde�ned genus in order Clostridiales 0.58�– 0.24b 2.77�– 0.24a

 Unde�ned genus in family Clostridiaceae 10.96�– 2.00a 1.05�– 2.01b

 Clostridium 1.46�– 0.52 0.29�– 0.52
 SMB53 0.07�– 0.03a 0.02�– 0.03b

 Unde�ned genus in family Lachnospiraceae 0.09�– 0.29b 4.57�– 0.29a

 Blautia 0.01�– 0.15b 2.63�– 0.15a

 Coprococcus 0.00�– 0.05b 0.54�– 0.05a

 Dorea 0.00�– 0.07b 0.61�– 0.07a

 Lachnospira 0.00�– 0.02b 0.22�– 0.02a

 Roseburia 0.00�– 0.22b 1.91�– 0.22a

 [Ruminococcus] 0.00�– 0.02b 0.39�– 0.02a

 Peptococcus 0.00�– 0.01b 0.05�– 0.01a

 Unde�ned genus in family Peptostreptococcaceae 0.07�– 0.02 0.09�– 0.02
 Unde�ned genus in family Ruminococcaceae 0.02�– 0.39b 9.89�– 0.39a

 Faecalibacterium 0.00�– 0.38b 4.85�– 0.38a

 Oscillospira 0.00�– 0.01b 0.07�– 0.01a

 Ruminococcus 0.00�– 0.02b 0.27�– 0.02a

 Unde�ned genus in family Veillonellaceae 0.03�– 0.26b 2.89�– 0.26a

 Acidaminococcus 0.01�– 0.06b 0.56�– 0.06a

 Anaerovibrio 0.00�– 0.07b 0.34�– 0.07a

 Dialister 0.03�– 0.14b 1.39�– 0.14a

 Megasphaera 0.40�– 0.50b 8.02�– 0.50a

 Mitsuokella 0.13�– 0.08b 0.66�– 0.08a

 Phascolarctobacterium 0.00�– 0.03b 0.32�– 0.03a

 Veillonella 0.03�– 0.01a 0.01�– 0.01b

 Unde�ned genus in family Erysipelotrichaceae 0.00�– 0.02b 0.06�– 0.02a

 Bulleidia 0.01�– 0.03b 0.26�– 0.03a

 Catenibacterium 0.07�– 0.14b 1.26�– 0.14a

 Sharpea 0.34�– 0.13 0.17�– 0.13
 [Eubacterium] 0.01�– 0.06b 0.76�– 0.06a
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gel puri�cation kit (Qiagen, Valencia, CA). Cleaned size-selected 
pooled products were run on an Agilent Bioanalyzer to con�rm 
appropriate pro�le and average size. Illumina sequencing was 

performed on a MiSeq using v3 reagents (Illumina Inc., San 
Diego, CA) at the W.� M. Keck Center for Biotechnology at the 
University of Illinois.

Phyla Genera Ileum Colon

Proteobacteria 5.29�– 1.92 3.41�– 1.92
 Unde�ned genus in order RF32 0.00�– 0.02 0.06�– 0.02
 Sutterella 0.00�– 0.01b 0.06�– 0.01a

 Unde�ned genus in order Tremblayales 0.00�– 0.09 0.28�– 0.09
 Desulfovibrio 0.00�– 0.04b 0.18�– 0.04a

 Campylobacter 0.00�– 0.17b 0.85�– 0.17a

 Helicobacter 0.00�– 0.01b 0.04�– 0.01a

 Succinivibrio 0.00�– 0.49b 1.88�– 0.49a

 Unde�ned genus in family Enterobacteriaceae 2.78�– 1.60 0.00�– 1.60
 Trabulsiella 0.18�– 0.12 0.00�– 0.12
 Unde�ned genus in family Pasteurellaceae 0.05�– 0.02 0.00�– 0.02
 Actinobacillus 2.19�– 0.72 0.04�– 0.72
Tenericutes  0.00�– 0.03b 0.22�– 0.03a

 Unde�ned genus in Phylum WPS-2 0.00�– 0.02 0.03�– 0.02

abValues within a row not sharing the same superscript letter are different (P�<�0.05).

Table 7.  Continued

Figure 2.  Rarefaction curves (A) and principal coordinates analysis (PCoA) plots of weighted (B) and unweighted (C) UniFrac distances of ileal microbial communities 
from weanling pigs fed diets containing antibiotics or direct-fed microbials. Diversity measures and unweighted and weighted UniFrac distances performed on the 97% 
OTU abundance matrix were not different among treatments.
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Sequencing reads were analyzed to assess the bacterial 
composition of the intestinal microbial communities. Forward 
reads were trimmed using the FASTX-Toolkit (version 0.0.13), 
and QIIME 1.9.1 (Caporaso et�al., 2010) was used to process the 
resulting sequence data. Brie�y, high-quality (quality value 
� 20)� sequence data derived from the sequencing process 
were demultiplexed. Sequences then were clustered into 
operational taxonomic units (OTUs) using UCLUST (Edgar, 
2010) through a closed-reference OTU picking strategy against 
the Greengenes 13_8 reference database (DeSantis et�al., 2006) 
with a 97% similarity threshold. Singletons (OTUs that were 
observed fewer than two times) and OTUs that had <0.01% of 
the total observation were discarded. Taxonomic identity to 
each OTU was then assigned using UCLUST. A�total of 1,714,248 
16S rRNA-based amplicon sequences were obtained, with an 
average of 28,570 reads (range�=�10,266 to 50,158) per sample. An 
even sampling depth (sequences per sample) of 10,266, 17,918, 
and 10,797 sequences per sample was used for assessing �- 
and �-diversity measures for datasets containing all samples, 
ileal samples, or colonic samples, respectively. �-Diversity was 

calculated using weighted and unweighted UniFrac (Lozupone 
and Knight, 2005) distance measures.

Calculations and Analysis of�Data
At the conclusion of the experiment, data were summarized 
to calculate ADG, ADFI, and G:F. Normality of data was veri�ed 
using the UNIVARIATE procedure (SAS Inst. Inc., Cary, NC). 
Normality was considered when the Shapiro-Wilk�s test reached 
P > 0.05. Outliers were identi�ed and removed using the PROC 
BOXPLOT option of SAS. Outliers were considered as values that 
deviated from the treatment mean by more than three times 
the interquartile range. Data were analyzed as a randomized 
complete block design, using the MIXED procedure of SAS (SAS 
Inst. Inc.). The model included treatment as the main effect and 
block and pen within block as random effects:

���� � � � �� � �� � �� � ����

where Yijk is the observed values for the variable, � is the overall 
mean, �i is the main effect of the ith treatment (i�=�1 to 5), Pj is 

Figure 3.  Rarefaction curves (A) and principal coordinates analysis (PCoA) plots of weighted (B) and unweighted (C) UniFrac distances of ileal microbial communities 
from weanling pigs fed diets containing antibiotics or direct-fed microbials. While two diversity measures (observed OTU; Chao1) were not different due to sex, 
phylogenetic distance (PD whole tree) showed a trend (P = 0.061) for greater diversity in barrows vs. gilts.  Unweighted and weighted UniFrac distances performed on 
the 97% OTU abundance matrix showed that sexes tended to be different from one another (unweighted: P = 0.02; weighted: P = 0.01).
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ADFI tended to be greater (P�=�0.093) for pigs fed diets containing 
C.�butyricum compared with pigs fed the negative control diet, 
and G:F increased (quadratic, P� <� 0.05) as increasing doses of 
C.�butyricum were included in the�diet.

For the overall nursery phase, pigs fed the positive control diet 
had greater (P�<�0.05) ADG and ADFI than pigs fed the negative 
control diet. The ADG and G:F increased and then decreased 
as increasing doses of C.� butyricum were included in the diet 
(quadratic, P�<�0.05). Likewise, the ADG and ADFI of pigs fed diets 
containing C.�butyricum were greater (P�<�0.05) than for pigs fed 
the negative control diet, but no differences were observed for 
ADG, ADFI, and G:F among pigs fed the positive control diet and 
pigs fed diets containing C.�butyricum.

Finishing pigs and broiler chickens fed diets containing 
C.�butyricum had increased ADG and G:F (Meng et�al., 2010; Yang 
et� al., 2012). The quadratic effects on ADG and G:F that were 
observed by inclusion of C.�butyricum in the diets in the present 
experiment indicated that high doses of C.�butyricum may result 
in microbial consumption of nutrients that would otherwise 
be available for the pigs. However, more research is needed 
to elucidate this effect. Nevertheless, the present results that 

demonstrated increased growth performance of pigs fed diets 
containing C.� butyricum compared with pigs fed the negative 
control diet indicated that C.�butyricum may be used to partly or 
fully restore the growth performance that may be lost if antibiotic 
growth promoters are removed from diets for weanling pigs. The 
observation that no differences in growth performance between 
pigs fed the positive control diet and pigs fed diets containing 
C.�butyricum were observed further demonstrated the potential 
of C.�butyricum to improve growth performance of weanling pigs.

Concentrations of TNF-� and�IgG
The concentration of TNF-� was reduced (P�<�0.05) in pigs fed the 
positive control diet compared with pigs fed the negative control 
diet or diets containing C.�butyricum, but no effects of increased 
doses of C.� butyricum on the concentration of TNF-� were 
observed (Table 5). Tumor necrosis factor-� is a pro-in�ammatory 
cytokine released after exposure to pathogens and is responsible 
for many metabolic responses such as shifts in use of nutrients 
to support the immune response (Rakhshandeh and de Lange, 
2012). It is possible that addition of an antibiotic growth promoter 

Figure 5.  Rarefaction curves (A) and principal coordinates analysis (PCoA) plots of weighted (B) and unweighted (C) UniFrac distances of colonic microbial communities 
from weanling pigs fed diets containing antibiotics or direct-fed microbials. While two diversity measures (PD whole tree; Chao1) were not different due to sex, 
observed OTU showed a trend (P = 0.061) for greater diversity in barrows vs. gilts.  Unweighted and weighted UniFrac distances performed on the 97% OTU abundance 
matrix showed that sexes tended to be different from one another (unweighted: P = 0.01; weighted: P = 0.02).
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