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Antimicrobials have been used extensively as growth promoters
(AGPs) in agricultural animal production. However, the speciﬁc
mechanism of action for AGPs has not yet been determined. The
work presented here was to determine and characterize the
microbiome of pigs receiving one AGP, tylosin, compared with
untreated pigs. We hypothesized that AGPs exerted their growth
promoting effect by altering gut microbial population composition. We determined the fecal microbiome of pigs receiving tylosin
compared with untreated pigs using pyrosequencing of 16S rRNA
gene libraries. The data showed microbial population shifts
representing both microbial succession and changes in response
to the use of tylosin. Quantitative and qualitative analyses of
sequences showed that tylosin caused microbial population shifts
in both abundant and less abundant species. Our results established a baseline upon which mechanisms of AGPs in regulation of
health and growth of animals can be investigated. Furthermore,
the data will aid in the identiﬁcation of alternative strategies to
improve animal health and consequently production.
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n the 1940s, it was observed that animals fed dried mycelia of
Streptomyces aureofaciens that naturally contained chlortetracycline exhibited enhanced growth (1). Since the 1950s, antimicrobials have been used in agricultural animal production for
the treatment, control, and prevention of infectious diseases, as
well as for growth promotion (2, 3). The National Swine Survey
showed that 41% of feeds included one or more individual
antimicrobials and 19% included combinations of antimicrobials.
Tylosin and bacitracin were most often used in feeds for grower
and ﬁnisher pigs (4, 5). Because the use of antimicrobials leads to
the emergence of resistance to antimicrobials (6, 7), efforts to
reduce their use with the goal of preserving the efﬁcacy of current antimicrobials are being implemented.
The speciﬁc mechanisms whereby antimicrobials act as growth
promoters (AGPs) are unclear. Early studies demonstrated that
oral antimicrobials did not have growth-promoting effects when
given to germ-free animals (8). Therefore, it is likely that growth
promotion is based on changes to the gut microbiota. Several
mechanisms of how growth promoters act have been postulated
including the prevention of subclinical infections and the reduction in microbial use of nutrients (2, 9). AGPs also could act
by reducing the presence of opportunistic pathogens in animals
fed AGPs. Increased immune mediators such as interleukin-1
induced by gut bacteria have been shown to reduce feed conversion in animals with a conventional microﬂora (10), which
illustrate that the host’s response to the indigenous microﬂora
could be a factor limiting growth efﬁciency. Direct effects of
AGPs on the gut microﬂora might result in decreased competition for nutrients and a reduction in microbial metabolites that
depress animal growth (9). Certain bacteria in the gut are known
to be metabolically important for animal growth. For example,
cellulolytic bacteria in ruminants digest cellulose into fermentable glucose that serves as a substrate for further microbial
fermentation and for use by the animal. Cellulose would not
www.pnas.org/cgi/doi/10.1073/pnas.1205147109

otherwise be used by the host. Therefore, it is highly likely that
growth promotion could be mediated by selection of speciﬁc
bacterial populations that contribute to the metabolism of the
animal thereby enhancing feed conversion.
It is our hypothesis that AGPs cause alterations of the gut
microﬂora, and these changes bring increased feed efﬁciency to
animals resulting in growth promotion. A ﬁrst step to understanding the process of growth promotion is to identify and
describe alterations in the gut microﬂora of the pig. Recently
there have been three reports on microbial shifts in response to
the use of AGPs using culture independent assessments (11–13).
Overall, these studies were small in scale and used animals held
in infectious disease isolation facilities and did not replicate
conditions comparable to how commercial pigs are reared. The
work presented here was designed to better understand the
effects that a single growth promoter had on the microbiome of
pig feces using a longitudinal study design that used pigs in
typical commercial settings. Tylosin, a member of the macrolide
family of antimicrobials, was selected for this study because it is
thought to be the most commonly used AGP. The results presented here demonstrate that tylosin produces consistent and
speciﬁc alterations of the distal intestinal microﬂora of the pig.
Results
DNA Sequence Data and Quality Control. The studies described
were designed to detect changes in the fecal microbiome of pigs
being raised in conventional production units over time. The
study design used two groups of pigs (10 pigs per group). One
group received tylosin in their feed during the entire experimental period, whereas the second group did not receive tylosin.
The protocol was performed using two independent farms. DNA
sequences in each group and farm were analyzed as pooled
groups based on our previous results that demonstrated strong
similarities between the fecal microbiomes of pigs within the
same pen (14). However, because samples from each pig had
a bar code identiﬁer, we were able to quantify the number of
sequence reads per animal. A total of 504,204 and 1,543,479
DNA sequence reads were generated from farm 1 and farm 2,
respectively. Over 86% and 94% of the total number of sequence
reads from farm 1 and farm 2 passed the quality control implemented in this study, resulting in 435,225 and 1,445,371
sequences for farm 1 and farm 2. The total number of sequence
reads from farm 2 was 3.3 times larger than that of farm 1 because of the improved sequencing chemistry used with samples
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from farm 2 (GS-FLX chemistry for farm 1 and titanium
chemistry for farm 2). The average number of sequence reads
generated per pig was 4,352 for farm 1 and 14,454 for farm 2.
The median sequence read length for both the tylosin and notylosin groups on farm 1 and farm 2 was 137–138 bases with no
ambiguous bases. The range of sequence reads was 81–196 bases
and, when a homopolymer run was detected, the median length
of the homopolymer was 5 bases (Table S1).
Microbial Diversity. The diversity of microbial communities using
pooled sequence reads from all ten pigs in each group was
measured using Shannon–Weaver and Simpson (1-D) diversity
indices (15). The diversity indices used represent how many different taxa are present in a sample, and higher numbers indicate
higher diversity. The average Shannon–Weaver and Simpson (1D) index values showed highly diverse microbial communities
with mean values per group of 4.87 and 0.96 for farm 1, and 5.28
and 0.97 for farm 2. The range of these calculated values over the
ﬁve sampling times (3-wk intervals starting at 10 wk of age and
ending 22 wk of age) was 4.39–5.50 for Shannon–Weaver and
0.95–0.98 for Simpson (1-D). Both diversity indices were greater
in younger animals than in older animals (Table S2).
Microbial Shifts in Response to the Use of Tylosin as an AGP: TaxonBased Analysis. A taxon-dependent analysis using the Ribosomal

Database Project (RDP) classiﬁer was conducted to describe the

composition of the fecal microbiome between animals receiving
tylosin and those that did not receive tylosin and how it changed
over time (16). The results of phylum and class distributions are
shown in Fig. 1. Two phyla, Firmicutes and Bacteroidetes, were
the most dominant in the fecal samples regardless of age of pigs
or treatment group, and comprised more than 92% of the total
sequences. The proportion of sequences that could not be
assigned to a phylum using RDP classiﬁer ranged from 1.61% to
6.37%. Bacteria in the phylum Spirochaetes increased over time
ranging from 0.07% to 1.85%. The other phyla represented less
than 1% of the total at all time points. The proportion of bacteria in the phyla Firmicutes, Spirochaetes, and unclassiﬁed
phyla increased as the pigs aged, whereas the proportion of
bacteria in the phyla Bacteroidetes, Actinobacteria, and Proteobacteria decreased. These changes were consistently observed
in both farms. When the relative abundance of bacteria at the
phylum level was compared between tylosin and no-tylosin
groups of the same age, there were no signiﬁcant differences
(Fig. 1 A and B).
Bacteria in the classes Clostridia, Erysipelotrichi, Bacilli,
Bacteroidia, Spirochaetes, and unclassiﬁed classes made up
95.58% of the total bacteria at all times. Bacteria in other classes
represented less than 1% at most time points. Two classes,
Clostridia and Bacilli represented the most common classes
within the phylum Firmicutes. The proportion of Clostridia increased as pigs got older, whereas the proportion of Bacilli

Fig. 1. RDP classiﬁcation of the sequences at phylum and class levels. RDP classiﬁer was used with a bootstrap cutoff of 50. Pooled sequence reads from all 10
pigs in each group were used. (A) RDP classiﬁcation of the sequence reads from farm 1 at phylum level. (B) RDP classiﬁcation of the sequence reads from farm
2 at phylum level. (C) RDP classiﬁcation of the sequence reads from farm 1 at class level. (D) RDP classiﬁcation of the sequence reads from farm 2 at class level.
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genera consisted of Barnesiella, Mitsuokella, Acetanaerobacterium, Anaerosporobacter, Succinivibrio, and Eggerthella.
Eight of the 12 differentially abundant genera belonged to the
phyla Firmicutes and two of 12 belonged to Bacteroidetes.
Each of the other two genera was in the phyla Proteobacteria,
and Actinobacteria. Lactobacillus, Sporacetigenium, Acetanaerobacterium, and Eggerthella were detected more frequently in the
tylosin group than in no-tylosin group. The others were present
more frequently in the no-tylosin group than the tylosin group.
Unclassiﬁed bacteria at the genus level also were differentially
represented in pigs from both farms and were observed more
frequently in the no-tylosin group. The same pattern of population distribution of the differentially abundant genera was
observed from both farms at 22 wk. The population distribution
patterns of differentially abundant genera at 22 wk began to
emerge from 16 wk and continuing through 19 wk of age (Fig. 2
A and B).
Microbial Shifts in Response to the Use of Tylosin as an AGP:
Operational Taxonomic Unit (OTU)-Based Analysis. Although most

sequences were classiﬁed at the phylum and class levels, a high
proportion of sequences could not be classiﬁed at the genus level.
Therefore, a taxon-independent analysis using OTUs as the unit
of analysis was conducted for the in depth ecological analysis of
the bacterial communities. We deﬁned an OTU as having 95%
sequence identity. Compared with a total of 158 and 187 genera
identiﬁed in farm 1 and farm 2, a total of 5,499 and 12,637 OTUs
were identiﬁed in farm 1 and farm 2, respectively. Of those
OTUs, 421 and 870 OTUs on farm 1 and farm 2, respectively,
were deﬁned in our study as core OTUs because they existed in
all groups at all ﬁve time points in each farm. Although core
OTUs comprised only 7.68% and 6.88% of the total OTUs in
farms 1 and 2, these core OTUs contained the majority of the
sequences, 82.4% and 85.4% of the total sequences from farms

Fig. 2. Differentially abundant genera between
tylosin and no-tylosin groups. Pigs in the tylosin
groups received tylosin in their feed during the whole
experimental period (10–22 wk of age), whereas pigs
in the no-tylosin groups did not receive tylosin. The
heat map was created using genus based results after
normalization. Yellow indicates abundant genera and
black indicates less abundant genera. Each column
represents groups and each row indicates genus. F1
and F2 indicate farm 1 and farm 2, respectively, and T
and NT represent each tylosin group and no-tylosin
group. (A) Differentially abundant genera were indicated by arrows and color-coded. Genus names indicate by the color their relationship to the phylum
level. (B) Twelve differentially abundant genera and
unclassiﬁed genera.
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decreased. The increase in the proportion of Clostridia was
greater than the decrease in the proportion of Bacilli resulting in
an overall increase in the population of Firmicutes over time.
The class Bacteroidia was the major class in the phylum Bacteroidetes, and the proportion of Bacteroidia decreased over
time (Fig. 1 C and D).
A total of 158 and 187 genera were identiﬁed from farm 1 and
farm 2, respectively. Of the total number of genera identiﬁed
in both farms, 16 abundant genera were detected. The abundant genera were deﬁned as having more than 1% of the total
DNA sequences. The 16 most abundant genera were: Anaerobacter, Prevotella, Streptococcus, Lactobacillus, Coprococcus, Sporacetigenium, Megasphaera, Blautia, Oscillibacter, Subdoligranulum,
Faecalibacterium, Dialister, Pseudobutyrivibrio, Roseburia, Sarcina,
and Butyricicoccus. These 16 genera plus the unclassiﬁed genera
accounted for 90.3% and 90.5% of the total sequences from
farms 1 and 2, respectively. One genus, Prevotella, was a member
of phylum Bacteroidetes; the other 15 genera belonged to the
phylum Firmicutes. Among the 16 abundant genera, the detection frequencies of the genera Anaerobacter, Streptococcus,
Coprococcus, Sporacetigenium, Oscillibacter, Roseburia, and Sarcina
showed increases over time, whereas those in the genera Prevotella,
Lactobacillus, Megasphaera, Blautia, Subdoligranulum, Faecalibacterium, Dialister, Pseudobutyrivibrio, and Butyricicoccus decreased
(Tables S3, S4, and S5).
To compare how the composition of the fecal bacteria differed
between treatment groups, Metastats was used to identify differentially abundant genera. Although there were no differences
between treatment groups at the phylum level, a total of 12 differentially abundant genera were identiﬁed from both farms at the
genus level (Fig. 2 A and B). These included six abundant (>1% of
the total sequences) and six less abundant genera. The six abundant genera consisted of Prevotella, Lactobacillus, Sporacetigenium,
Megasphaera, Blautia, and Sarcina, and the less abundant

1 and 2. These results indicate that animals share a core set
of bacteria that are the most prevalent microbes. This core
represents a small number of species regardless of their ages.
Therefore, the major variation of bacterial populations is mainly
a result of the less dominant species present in different individuals. Representative sequences for each core OTU were retrieved
and subjected to a taxonomic analysis using RDP classiﬁer. As
would be expected, most of the core OTUs belonged to the phyla
Firmicutes and Bacteroidetes, accounting for 86.22% and 87.01%
of the total core OTUs in farms 1 and 2, respectively.
Venn diagrams were generated to compare OTUs between
groups at the same time points (Fig. S1). An average of 66.48%
and 68.60% of the total OTUs were shared between groups at
the same age, and an average of 97.89% and 98.47% of the total
sequence reads belonged to the shared OTUs in farm 1 and farm
2, respectively. Unique OTUs, which accounted for an average of
33.52% and 31.40% of the total OTUs at the same age, contained just 2.11% and 1.53% of the total sequence reads in farm
1 and farm 2 (Fig. S1). Although shared OTUs were comprised
of both abundant and less abundant OTUs, unique OTUs to
each group were mainly less abundant OTUs. Sequence reads
belonging to unique OTUs at different time points were subjected to analysis using RDP classiﬁer. RDP classiﬁer is a web
based program that assigns 16S rRNA sequences to phylogenetically consistent bacterial taxonomy. Unclassiﬁed bacteria at
the genus level were the most abundant at 64.11% and 63.89% of
the total unique sequence reads to each group in farms 1 and
farm 2. Among the OTUs classiﬁed at the genus level, Prevotella
was the most abundant genus accounting for 7.67% and 9.04% of
the total unique sequence reads in farms 1 and 2 (Table S6).
To visualize the distribution of the different OTUs in the two
treatment groups, a heat map was prepared (Fig. 3). The OTUs
were ordered by abundance with the most abundant sequences
being at the top of the heat map. Abundant OTUs were red
color-coded and white blanks indicated missing OTUs. Two
regions of the heat map, labeled A and B, contained close to 40%
of the total OTU sequences. These regions were highlighted
because of the apparent differences in their distributions between
the pigs in the two treatment groups. The fecal microbiomes of
pigs that were 10 wk of age had nearly identical heat map patterns regardless of treatment group. This ﬁnding would be
expected because pigs only began to receive tylosin at this time.
However, by 16 wk and continuing through 19 wk of age, there
was an obvious shift in microbial content in the feces in pigs
treated with tylosin with the depletion of OTUs in bracket B and
an increase in the OTUs in bracket A. When pigs reached 22 wk
of age, a similar shift was found in pigs that did not receive tylosin
(Fig. 3). When the same process was used to analyze pigs from
farm 2, a more complicated pattern emerged (Fig. 4) that did not
mimic what was observed with farm 1. We did detect differences
in the compositions of the fecal microbiomes between the two
treatment groups. However, the ordering of the OTUs did not
result in the same heat map patterns in the regions designated A
and B. This could result because the depth of sequence coverage
was much greater for farm 2 and thus the ordering of the sequence abundance was different for farm two, the two farms
could not be directly compared using heat maps for visualization.
Dendrograms were prepared by using the Bray–Curtis index to
compare the similarity of the bacterial communities between
groups. Whereas microbial population shifts in both abundant
and less abundant genera in pig intestines were detected, the
samples clustered based on sampling time point (Fig. S2).
Discussion
We hypothesized that the beneﬁcial effects of tylosin would be
mediated by compositional changes of the pig gut bacterial
communities (2, 11, 17, 18). This hypothesis is partly based on
the understanding that AGPs lack growth promoting effects in
15488 | www.pnas.org/cgi/doi/10.1073/pnas.1205147109

Fig. 3. Distribution of OTUs in the two treatment groups in farm 1. The
heat map for farm 1 was created using OTUs with an OTU deﬁnition at
a similarity cutoff of 95%. Each column represents groups and each row
indicates OTUs. OTUs were sorted with the most abundant OTUs displayed at
the top and the least abundant OTUs at the bottom. T and NT indicate
tylosin and no-tylosin group, respectively, and numbers indicates weeks of
age. Abundant OTUs were red color-coded and white blanks indicate missing OTUs.

germ-free animals (8, 19) and because many antimicrobials with
different modes of action promote animal growth. The work
presented here was designed to better understand the effects that
a single AGP, tylosin, has on the fecal microbiome of the pig. We
showed that tylosin consistently and speciﬁcally altered the
microbiome of feces of pigs.
Using 16S rRNA gene sequencing we previously showed
profound changes in the pig fecal microbiome over time (14).
Here we showed that tylosin results in signiﬁcant changes in
speciﬁc genera and OTUs and that some of these changes occur
at unique times within the growth of pigs (Figs. 2 and 3). What
was most striking were the changes in the less abundant OTUs in
pigs from farm 1 over time (see groups bracketed with A and B
in Fig. 3). Before exposure to tylosin, the fecal microbiomes of
pigs in the two groups were quite similar. However, there was
a pronounced shift in the distribution and quantity of microbes in
regions A and B with treatment with tylosin being correlated
Kim et al.

Fig. 4. Distribution of OTUs in the two treatment groups in the farm 2. The
heat map for the farm 2 was created using OTUs with an OTU deﬁnition at
a similarity cutoff of 93%. Each column represents groups and each row indicates OTUs. OTUs were sorted with the most abundant OTUs displayed at the
top and the least abundant OTUs at the bottom. T and NT indicate tylosin and
no-tylosin group, respectively, and numbers indicates weeks of age. Abundant
OTUs were red color-coded and white blanks indicate missing OTUs.

with a shift of OTUs in the B region of the heat map to the A
region (Fig. 3). As the untreated pigs reached maturity, their
fecal microbiomes, particularly in the A and B regions become
more like pigs in the tylosin treatment group. Our interpretation
of these results is that tylosin speeds the development or maturation of the unique “adult-like” fecal microbiome but that
eventually pigs in the nontreatment groups ﬁnally catch up.
However, the same pattern of redistribution of OTUs was not
overtly seen when a similar heat map of OTUs in pigs from farm
2 was observed (Fig. 4). This difference could be the result of
Kim et al.
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several possibilities. The ﬁrst possibility is a technical issue that is
based on the fact that much deeper sequencing was performed
for samples from farm 2. This resulted from the shift to “titanium” chemistry use during sequencing of samples from farm 2.
Thus, because of the difference in coverage the actual ordering
of the OTUs in the two heat maps could be different. A second
possibility is that, because the data were obtained from pigs from
two different farms, their microbiomes were not identical and
the compositional changes caused by tylosin therefore were different. However, the genus level analysis (Fig. 2) did show
compositional changes in common to both farms when pigs
treated with tylosin were compared with nontreated pigs. A third
possibility is that our interpretation based on farm 1 that tylosin
speeds up the maturation of the gut microbiome is not correct
and that the actual compositional changes identiﬁed through the
genus level analysis are microbes closely linked to feeding of
tylosin. To distinguish these possibilities additional sampling
from additional farms will be necessary.
There was no signiﬁcant difference in the proportion of taxonomic groupings of the fecal microbiomes at the phylum level
regardless of treatment group at all sampling times. However,
there were statistical differences when measured at the genus
level. A total of twelve differentially abundant genera were observed in both farms at the genus level (Fig. 2 A and B). Lactobacillus, Sporacetigenium, Acetanaerobacterium, and Eggerthella
were detected more frequently in the tylosin group than in notylosin group, and the others were present more frequently in the
no-tylosin group than the tylosin group (Fig. 2B).
In previous studies using pigs as an animal model, certain
species of Lactobacillus have been shown to increase in concentration in AGP-treated pigs (11, 12, 20). In this study we also
detected a relative increase in the concentration of the genus
Lactobacillus. A positive relation between the increase in abundance of Lactobacillus spp. population and an increase in weight
gain has been shown in other animal models (18, 21).
Sporacetigenium, Acetanaerobacterium, and Eggerthella were
more abundant in pigs with tylosin treatment. In vitro studies
showed that Sporacetigenium and Acetanaerobacterium spp ferment mono, di-, or oligosaccharides into acetic acid, ethanol,
hydrogen and carbon dioxide (22, 23). Sporacetigenium spp also
has been identiﬁed as one of common bacterial population in
fermentation reactors where the main volatile fatty acids were
acetic acid and propionic acid (24). It should be noted that about
5–20% of the total energy of the pigs is provided by fermentation
end products including acetic and propionic acids in the cecum
and colon (9). Eggerthella spp is a Gram-positive bacteria, which
is known to be involved in metabolism of catechin and lignan that
are plant origin (25, 26). However, physiological and functional
roles of Eggerthella in the intestines of food animals are unknown.
In comparing the results reported here with those from other
studies using AGPs, differences in the microbial population
shifts did occur (11, 12, 20). It is unclear why these differences
occurred, but is likely related to differences in the AGP used.
The AGP used in our study was tylosin, whereas the other three
studies used combination of chlortetracycline with different
AGPs. Likewise, we elected to use feces as the collected sample
so that we could repeatedly sample the same pigs, whereas
Rettedal et al. and Collier et al. collected tissue or digesta in
their studies. We also elected to use commercial pigs in a production setting instead of experimental isolation facilities where
access to different sets of microbes in different environments
might be responsible for this inconsistency. Furthermore, in our
study two farms were used and the microbial shifts between the
two farms were quite similar.
Venn diagrams were generated to make qualitative comparisons between tylosin and no-tylosin groups at the same age. It
should be noted that almost all of the sequences were shared
between tylosin and no-tylosin groups at the same age. An

average of 97.89% and 98.47% of the total bacterial sequences
belonged to the shared OTUs. These OTUs represented an average of 66.48% and 68.60% of the total OTUs in farm 1 and
farm 2, respectively (Fig. S1). This indicates that unique OTUs
to each group were more likely to be found as less abundant
OTUs because unique OTUs that accounted for average of
33.52% and 31.40% of the total OTUs at the same age contained
just 2.11% and 1.53% of the bacterial sequences in farm 1 and
farm 2 (Fig. S1). This result is consistent with the data visualization based on heat maps where the greatest number of differences appear toward the bottom of the heat maps.
Given that unique OTUs are less abundant OTUs, abundant
and beneﬁcial functions from less abundant microbes can be
considered (27, 28). Sequence reads belonging to OTUs unique
to each tylosin and no-tylosin groups were subjected to the RDP
classiﬁer analysis. RDP classiﬁer analysis indicated that the
majority of unique OTUs were unclassiﬁed bacteria at genus
level, accounting for 64.11% and 63.89% of the total unique
sequence reads in farm 1 and farm 2 (Table S6). However, it
remains unknown at this point whether unclassiﬁed bacteria
contributed to fundamental metabolic functions within gastrointestinal tract of the animals.
Materials and Methods
Full protocols are available in SI Materials and Methods.
Animals and Sample Collection. Two independent commercial farms were
used in this study. Ten pigs from the two pens were randomly selected and ear
tagged for identiﬁcation. Pigs in one pen received tylosin [40 ppm (40 g/ton)]
in their feed, whereas pigs in the other pen did not. Fresh fecal samples were
individually collected from the rectum of each of the ear tagged animals at
3-wk intervals starting when the pigs were 10 wk old.

protocol was modiﬁed by including 1,000 μL of ASL buffer and InhibitEX
tablets. Both reagents are components of the QIAgen DNA Mini Stool kit
(QIAGEN). DNA quantity was measured using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientiﬁc).
PCR Amplicon Production and Sequencing. PCR primers that ﬂanked the V3
hypervariable region of bacterial 16S rRNA genes were designed. The primer
sequences were 5′-(Roche A)-10-base barcode-CCTACGGGAGGCAGCAG-3′
(forward) and 5′-(Roche B)-ATTACCGCGGCTGCTGG-3′ (reverse) (14, 30, 31).
(The forward primers were composed of the Roche A sequence followed by
a unique 10 base pair barcode and then the region ﬂanking V3.) The PCR
amplicon products were generated by 20 cycles of PCR reactions. Only PCR
products without primer dimers and contaminant bands were used for
pyrosequencing. The PCR products from different pigs in the same time
group were pooled together in equimolar ratios. The pooled PCR amplicons
were sequenced at the Biomedical Genomic Center at the University of
Minnesota using a Roche 454 GS-FLX sequencer (454 Life Sciences).
Data Analysis. Only high-quality sequences obtained after quality control
analysis were used in our analysis (full protocols are described in SI Materials
and Methods). Phylogenetic assessments were performed using RDP classiﬁer with a bootstrap cutoff of 50% (16). Metastats (32) was used to detect
differentially abundant genera in samples after each sequence read was
assigned to a taxon by RDP classiﬁer. Richness and diversity indices were
generated using Mothur (version 1.21.1) with an OTU deﬁnition at an
identity cutoff of 95% after having implemented a pseudosingle linkage
algorithm (15, 33, 34). Heat maps were generated using Mothur (version
1.21.1) and Java TreeView (15, 35).

Isolation of DNA. Total DNA containing the fecal microbial communities was
extracted from individual fecal samples using an established method (29). The
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SI Materials and Methods
Animals and Sample Collection. Two independent commercial

farms were used in this study. The building that housed the
animals was the same for both farms containing 20 pens, and each
pen contained 25 pigs. Two pens were selected for each of the
farms to be described. Ten pigs from the two pens were randomly
selected and ear tagged for identiﬁcation. Pigs in one pen received
tylosin [40 ppm (40 g/ton)] in their feed, whereas pigs in the other
pen did not. Pigs were kept in the same pen during the entire
sampling period without introduction or removal of any new pigs.
Pigs in both farms were raised on the same standard commercial
feed that mainly consisted of corn and soybean. Fresh fecal
samples were individually collected from the rectum of each of the
ear-tagged animals. Samples were collected ﬁve times at 3-wk
intervals starting when the pigs were 10-wk old. None of the pigs
in either group received any additional antimicrobials. This study
was approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Minnesota (Protocol
0705A09361).

used an initial denaturation step at 94 °C for 2 min, followed by
20 cycles at 94 °C for 30 s, 60 °C for 30 s, and 72 °C for 30 s. A
ﬁnal 7-min extension step was at 72 °C. The PCR amplicon
products were separated by electrophoresis through a 1.5% (wt/vol)
agarose gel, extracted from the gels, and cleaned using the QIAquick Gel Extraction kit (QIAGEN). The quality of the product
was assessed on a Bioanalyzer 2100 (Agilent) using DNA1000.
LabChip (Agilent Technologies). Only PCR products without
primer dimers and contaminant bands were used for pyrosequencing. The PCR products from different pigs in the same time
group were pooled together in equimolar ratios based on the
quantiﬁcation results using the NanoDrop 1000. The pooled PCR
amplicons were sequenced at the Biomedical Genomic Center at
the University of Minnesota using a Roche 454 GS-FLX sequencer (454 Life Sciences). Sequencing used GS-FLX chemistry
for farm 1 and titanium chemistry for farm 2.

PCR Amplicon Production and Sequencing. PCR primers that ﬂanked
the V3 hypervariable region of bacterial 16S rRNA genes were
designed. The oligonucleotide primers included Roche A or B
sequencing adapters at the 5′ ends and template speciﬁc sequences at the 3′ end. Barcodes were included between the
Roche A sequencing adapter and the template-speciﬁc sequences
of the forward primer (TCB No. 013–2009, 454 Life Sciences).
The primer sequences were: 5′-(Roche A)-10-base barcodeCCTACGGGAGGCAGCAG-3′ (forward) and 5′-(Roche B)ATTACCGCGGCTGCTGG-3′ (reverse) (2–4). (The forward
primers were composed of the Roche A sequence followed by
a unique 10 base pair barcode and then the region ﬂanking V3.)
The ampliﬁcation mix contained 2.5 units of FastStart High
Fidelity polymerase (Roche), 1× FastStart High Fidelity Reaction Buffer, 0.2 mM dNTPs, 0.4 μM each fusion primer, and
50 ng of DNA in a reaction volume of 50 μL. PCR conditions

Data Analysis. To minimize effects of random sequencing errors,
we eliminated (i) sequences that did not appropriately match the
PCR primer and the barcode at the beginning of a read, (ii)
sequence reads with <50 bases after the proximal PCR primer if
they terminated before reaching the distal primer, and (iii) sequences that contained more than one undetermined nucleotide
(N). Both the proximal and distal primers were trimmed from
high-quality reads before database searches and similarity calculations were performed. In addition, LUCY, the quality score
based trimming program, was used to eliminate other low-quality
sequences. The LUCY end-trimming stringency of ≤0.2% perbase error probability (equivalent to a phred quality score of
≥27) was used (5, 6). UCHIME as implemented in Mothur was
used to identify chimeras (7, 8). Phylogenetic assessments were
performed using RDP classiﬁer with a bootstrap cutoff of 50%
(9). Metastats (10) was used to detect differentially abundant
genera in samples after each sequence read was assigned to a
taxon by RDP classiﬁer. Signiﬁcance level of 0.05 was used. The
high-quality sequences were aligned using the NAST alignment
tool (8, 11). Richness and diversity indices were generated using
Mothur (version 1.21.1) with an OTU deﬁnition at an identity
cutoff of 95% after having implemented a pseudosingle linkage
algorithm to remove sequences that were likely due to pyrosequencing errors (8, 12, 13). Heat maps were generated using
Mothur (version 1.21.1) and Java TreeView (8, 14). OTUs obtained from Mothur were sorted from most to least abundance
OTUs. Sequence abundance values within each OTU were
normalized for comparisons of V3 OTU abundance between
samples. Then the sequence abundance values were log10transformed, and the heat map made using Java TreeView (14).
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Isolation of DNA. Total DNA containing the fecal microbial
communities was extracted from individual fecal samples using an
established method (1). Brieﬂy, community DNA was extracted
from 0.25-g aliquots of each fecal sample. The DNA extraction
method used two rounds of bead-beating in the presence of NaCl
and SDS, followed by sequential isopropanol precipitations. The
precipitated nucleic acids were then treated with DNase-free
RNase A, and the DNA was puriﬁed using the QIAgen DNA
Mini Stool kit (QIAGEN) according to the manufacturer’s recommendations. DNA quantity was measured using a NanoDrop
1000 spectrophotometer (Thermo Fisher Scientiﬁc).
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Fig. S1. Distribution of OTUs and sequences between tylosin and no-tylosin groups. Venn diagrams were created using OTUs. Numbers indicate the number of
OTUs and numbers in parenthesis represent a number of sequence reads.
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Fig. S2. Dendrograms of community structure similarity (Bray-Curtis index). Dendrograms were generated using the Bray-Curtis index calculated at a 5%
sequence difference by using Mothur (version 1.21.1). T and NT indicate tylosin and no-tylosin group.

Table S1. Summary of sequence reads after quality control
Table S1

Table S2. Microbial diversity of each group of pigs
Table S2
Pooled sequence reads from all 10 pigs in each group were used in diversity calculations.

Table S3. Sixteen abundant genera in each farm
Table S3

Table S4. Miscellaneous genera of the farm 1
Table S4

Table S5. Miscellaneous genera of the farm 2
Table S5

Table S6. RDP classiﬁcation of unique sequences to each group in farm 1 and 2
Table S6
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