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The inclusion of antibiotic growth promoters, such as virginiamycin, at subtherapeutic levels in poultry feeds
has a positive effect on health and growth characteristics, possibly due to beneficial effects on the host
gastrointestinal microbiota. To improve our understanding of the chicken gastrointestinal microbiota and the
effect of virginiamycin on its composition, we characterized the bacteria found in five different gastrointestinal
tract locations (duodenal loop, mid-jejunum, proximal ileum, ileocecal junction, and cecum) in 47-day-old
chickens that were fed diets excluding or including virginiamycin throughout the production cycle. Ten
libraries (five gastrointestinal tract locations from two groups of birds) of approximately 555-bp chaperonin
60 PCR products were prepared, and 10,932 cloned sequences were analyzed. A total of 370 distinct cpn60
sequences were identified, which ranged in frequency of recovery from 1 to 2,872. The small intestinal libraries
were dominated by sequences from the Lactobacillales (90% of sequences), while the cecum libraries were more
diverse and included members of the Clostridiales (68%), Lactobacillales (25%), and Bacteroidetes (6%). To assess
the effects of virginiamycin on the gastrointestinal microbiota, 15 bacterial targets were enumerated using
quantitative, real-time PCR. Virginiamycin was associated with increased abundance of many of the targets in
the proximal gastrointestinal tract (duodenal loop to proximal ileum), with fewer targets affected in the distal
regions (ileocecal junction and cecum). These findings provide improved profiling of the composition of the
chicken intestinal microbiota and indicate that microbial responses to virginiamycin are most significant in the

proximal small intestine.

The animal gut is host to an abundant and diverse micro-
biota that plays an important role in the health and nutrition
of the animal. Most of these organisms are considered com-
mensal or symbiotic (4, 44), but the gastrointestinal micro-
biota can also have detrimental effects on host health and
nutrition (15, 36). The relationship between the host animal
and its gut microbiota can therefore be viewed as a balance
between mutualism and pathogenicity (15). In agricultural
animals, the routine inclusion of antibiotic growth promot-
ers (AGPs) in diets has a beneficial effect on the growth and
efficiency of feed conversion (17, 37), probably by benefi-
cially modulating the gastrointestinal microbiota and sup-
pressing the growth of pathogens (3, 18). The streptogramin
antibiotic virginiamycin has been used for decades as an
AGP in poultry feeds (5), but recent concerns over the
possible selection for genes conferring resistance to the hu-
man therapeutic antibiotic quinupristin-dalfopristin (Syner-
cid) and the detection of quinupristin-dalfopristin-resistant
strains of Enterococcus faecium and other potentially patho-
genic enterococci in retail poultry samples (8, 22, 28, 32)
have led some to question the practice of using virginiamy-
cin and other AGPs in commercial settings (10, 16, 29). In
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some European countries, certain AGPs have already been
banned (39), and there is widespread anticipation of coming
restrictions on their use in North America (41).

One approach to finding effective alternatives to AGPs is to
understand both the normal gastrointestinal microbiota and
the ways in which the microbiota is altered by the inclusion of
AGPs in the diet. Much of the information that has accumu-
lated on the composition of the gastrointestinal microbiota of
poultry and other animals has come from culture-based studies
(33). More recently, in an attempt to address the bias that
culture studies impose, various PCR-based, culture-indepen-
dent methods have been developed to characterize and quan-
tify the gastrointestinal microbiota (38, 43). Commonly used
methods include the amplification of 16S rRNA-encoding
genes using universal primers and sequencing of randomly
selected clones (2, 31), the development and application of
species-specific 16S rRNA-targeted PCR primers (2), and de-
naturing gradient gel electrophoresis (DGGE) of PCR-ampli-
fied 16S rRNA genes (26, 30). We have shown that an approx-
imately 555-bp fragment of the chaperonin 60 (cpn60) gene
can be amplified from essentially any genome using universal,
degenerate PCR primers and is an effective gene target for
molecular ecological studies of gastrointestinal microbiota us-
ing high-throughput sequencing of amplified products (23, 25).
The cpn60 gene target provides data that are at least as phylo-
genetically informative as those provided by 16S rRNA-encod-
ing DNA sequences (27) and can also in many cases offer
improved interspecies discriminating power, especially be-
tween closely related strains (6). A reference database of cpn60
sequences is publicly available (24) which facilitates the iden-
tification of sequences generated from environmental tem-
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plates. In addition, we have developed procedures for using
real-time quantitative PCR (qPCR) that take advantage of the
fact that cpn60 genes are normally present in a single copy to
accurately and specifically enumerate target organisms within
gastrointestinal tract samples using cpn60 sequences (12).

The objectives of the current study were twofold: to charac-
terize the normal chicken gastrointestinal microbiota and to
quantify the effects on this microbiota of the inclusion of sub-
therapeutic doses of virginiamycin throughout the broiler pro-
duction cycle. We have used a combination of viable culture,
high-throughput sequencing of cloned cpn60 gene fragments,
and qPCR to achieve these objectives.

MATERIALS AND METHODS

Animal treatments. Four hundred 1-day-old male broiler chickens (Cobb 500;
Cobb Vantress Inc., Cleveland, GA) were distributed among 20 floor pens (20
birds/pen) containing used litter obtained from adult chickens not previously
exposed to the antibiotic. Chickens were fed diets with (n = 10 pens) or without
(n = 10 pens) added virginiamycin (20 g/tonne), formulated on corn and soybean
meal to meet NRCC requirements (1994), in a four-phase feeding program to 50
days of age. At day 7, the number of birds per pen was adjusted to 18. Body
weight, feed intake, feed conversion, and percent mortality were determined on
days 15, 32, 42, and 50.

Sample collection. At 47 days of age, two birds randomly selected from five
pens per treatment were killed by cervical dislocation and the digestive tracts
removed. Samples of intestinal contents were collected from a 10-cm segment
from each of four small intestine locations: duodenal loop, mid-jejunum, prox-
imal ileum, and ileocecal junction. In addition, the contents of one cecum per
bird were collected. Contents from each of the sampled gut locations from each
of two birds per pen were pooled into preweighed tubes and overlaid with
nitrogen gas. A total of 50 samples (5 gut locations times 5 pairs of birds times
2 treatments) were collected. One aliquot of each sample was removed and
frozen at —20°C for DNA extraction, and a second was suspended in prereduced
peptone water with 0.05% cysteine-HCI and diluted for culture on selective
medium.

Culturing and viable counts. The media (Becton Dickinson, Cockeysville,
MD) and culture conditions used were as follows: MRS agar (anaerobic, 37°C for
24 to 48 h), bile esculin agar (aerobic, 37°C for 24 to 48 h), MacConkey agar
(aerobic, 37°C for 24 to 48 h), and blood agar base with 5% sheep’s blood
(aerobic and anaerobic, 37°C for 24 to 48 h). Anaerobic conditions used an
atmosphere of 10% CO,, 10% H,, and 80% N,. In addition, aliquots of each
sample were plated on brilliant green agar as follows: 100 l of a 1:10 dilution
was spread directly (nonenriched), and 0.1 g of sample was added to 9.9 ml of
cysteine selenite broth and incubated aerobically overnight at 37°C (enriched).
An aliquot of 100 wl of the enriched culture was spread on a brilliant green plate,
which was incubated overnight at 37°C.

Isolation and pooling of community DNA and generation of cpn60 PCR prod-
uct libraries. An aliquot of 0.2 g of each of the 50 digesta samples was removed,
and total bacterial community DNA was isolated as described previously (23).
The final DNA pellets were each dissolved in 200 pl of Tris-EDTA (TE) buffer.
Equivalent volumes of DNA extracts corresponding to the same treatment group
and intestinal location were pooled, resulting in a total of 10 DNA pools (5
intestinal locations times 2 treatment groups). Each pool was diluted 1:10 in TE
buffer, and 1 pl was used as the template in a PCR with the c¢pn60 universal
primers H279 and H280 at four annealing temperatures as described previously
(23). Equal volumes of PCR products produced at each annealing temperature
were mixed, agarose gel purified, and ligated into vector pPGEM-T Easy (Invitro-
gen). Ligation mixtures were used to transform Escherichia coli JM109 (Invitro-
gen). Each of the 10 resulting libraries was plated on LB with ampicillin (50
pg/ml) and 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal). A total
of 1,344 white colonies were picked randomly from each of the 10 libraries into
individual wells of 96-well plates containing 100 wl of LB-ampicillin. The plates
were incubated overnight at 37°C, glycerol was added to 15% (vol/vol), and the
cultures were stored at —80°C.

Sequencing and bioinformatics. Template DNA for sequencing reactions was
prepared directly from the frozen cultures using the TempliPhi system (Amer-
sham Biosciences, Baie d’Urfé, QC, Canada). Single-pass sequences were gen-
erated using a BigDye Terminator cycle sequencing kit (Applied Biosystems)
with T7 primer, and reactions were resolved on an ABI 3700 capillary sequencer.
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Raw sequences were trimmed for quality using Phred (14). The resulting se-
quences were clustered based on sequence identity using the d2_cluster (7).
Clusters of identical sequences were then assembled into contigs or singletons
using Phrap (21), incorporating the base quality information from Phred. Manual
confirmation of contig assembly was done using Gap4 (version 4.6) in the Staden
software package (release 2000.0; J. Bonfield, K. Beal, M. Betts, M. Jordan, and
R. Staden, 2000). Sequence data, template information, and similarity results
were placed in a MySQL database for storage and further analysis. Sequence
manipulations, such as format changes and amino acid translations, were done
using the EMBOSS software suite (35). Sequence alignments were done using
CLUSTAL W (40). To determine the putative taxonomy of each contig and
singleton arising from the assembly step, each sequence was compared to cpnDB,
a reference set of cpn60 sequences (24), using FASTA (34).

Library sequences were deposited in GenBank (accession no. DQ106022 to
DQ106393) and can also be retrieved from cpnDB (http://cpndb.cbr.nrc.ca).

Phylogenetic analysis was done using programs in the PHYLIP software pack-
age (J. Felsenstein, 1993, PHYLIP [Phylogeny Inference Package] version 3.5c,
distributed by the author, Department of Genetics, University of Washington,
Seattle). Specifically, distances were calculated with the maximum likelihood
option of dnadist. Dendrograms were constructed from distance data by neigh-
bor joining.

Quantitative PCR assays. A summary of qPCR assay components is presented
in Table S1 in the supplemental material. The locations of oligonucleotide
“signatures” that differentiate the target cpn60 sequence from those of related
organisms were identified using Signature Oligo software (Lifelntel Inc., Port
Moody, BC, Canada). Signature regions were specified as potential primer land-
ing sites, and compatible PCR primers were determined using Oligo6 (Molecular
Biology Insights Inc., Cascade, CO) or Beacon Designer (Premier Biosoft Inter-
national, Palo Alto, CA) software. In some cases, as specified in Table S1 in the
supplemental material, compatible TagMan probes (Sigma-Genosys Canada,
Oakville, ON, Canada) were identified with Beacon Designer to detect the
amplified products. The specificity of the PCR primers was initially verified by
comparison to all of the other library sequences and reference sequences in
cpnDB, using BLASTn (1) configured for short, nearly exact matches. Primer
specificity was further validated by the lack of a detectable PCR product using
template DNA derived from related strains as described previously (12). gPCR
assays used Platinum quantitative PCR SuperMix-UDG or Platinum SYBR
green qPCR SuperMix-UDG (Invitrogen) as appropriate in the presence of 3
mM MgCl,, 500 nM of each primer, and (for TagMan assays) 200 nM TagMan
probe. Pooled DNA (50 pl from each of five extracts) from each gastrointestinal
tract location and treatment (total of 10 pools) was purified on a QIAGEN
genomic tip 20/G and dissolved in 100 pul of TE buffer. An aliquot of 1 pl of each
purified genomic DNA pool was used as a template for the qPCR assays. All
amplifications were preceded by the following steps: 50°C for 2 min (uracil DNA
glycosylase activation) and then 95°C for 3 min (well factor collection); this was
followed immediately by the PCR cycling conditions for each primer set indi-
cated in Table S1 in the supplemental material. Data collection was set at the
annealing or annealing/extension step. Amplifications were performed on an
iCycler (Bio-Rad).

Statistical analysis. The effect of treatment on production performance and
number of bacteria determined by culture-based enumeration was determined
using one-way analysis of variance (SPSS Inc., Chicago, IL).

RESULTS

Production response to inclusion of virginiamycin. Dietary
inclusion of virginiamycin increased body weight and reduced
the kilograms of feed required to achieve a kilogram of gain
(feed efficiency) from day 0 to 15 of the study (Table 1).
Chicken body weight, feed intake, and feed efficiency were not
different for the remainder of the study. Cumulative mortality
was reduced by more than 50% in chickens fed virginiamycin;
however, this response was not significant due to high variation
in the relatively small number of birds in the study.

Characterization of the avian bacterial microbiota by plate
counts. Plate counts were performed for each gastrointestinal
tract location that was sampled (see Table S3 in the supple-
mental material). For each of the selective media used, counts
increased (P < 0.05) 1 to 3 orders of magnitude along the
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TABLE 1. Body weight, feed intake, mortality-corrected feed
efficiency, and cumulative percent mortality observed in broiler
chickens fed diet excluding or including virginiamycin”

Parameter Day —Vm +Vm
Body wt (kg) 15 0.304 * 0.006° 0.336 + 0.004°
32 1.314 £ 0.021 1.361 = 0.012
42 2,122 = 0.025 2.130 = 0.031
50 2.723 = 0.030 2.740 = 0.048
Feed intake (g/day) 15 0.447 = 0.007 0.468 = 0.006
32 2.046 = 0.029 2.099 * 0.018
42 3.580 = 0.054 3.587 = 0.041
50 4.964 = 0.159 4.944 + 0.067

Feed efficiency (F/G)* 15 1.702 = 0.076" 1.587 = 0.077°

32 1.607 = 0.025 1.590 = 0.025
42 1.720 £ 0.031 1.718 = 0.043
50 1.851 = 0.044 1.833 = 0.043
Mortality (%) 15 1.68 = 0.90 0.56 = 0.59
32 223 +1.29 0.56 = 0.59
42 3.90 = 1.52 0.56 = 0.59
50 6.12 = 1.61 2.79 £ 1.31

“ Data are means * standard errors. —Vm, without virginiamycin; +Vm, with
virginiamycin.

> Values in these rows are different (P < 0.05).

¢ F/G, grams of feed per gram of body weight gain.

gastrointestinal tract from the proximal to distal small intestine
and further increased (P < 0.05) 1 to 2 orders of magnitude
from the distal ileum to the cecum. No significant effect of
virginiamycin on plate counts determined at any intestinal lo-
cation was observed, although in the proximal regions (duode-
nal loop, mid-jejunum, and proximal ileum), numeric increases
of 0.4 to 1.2 log,, CFU/g were observed for total aerobes and
lactobacilli in response to virginiamycin. The mid-jejunum
showed the most marked increase. A few of the samples
showed Salmonella in the absence of enrichment, but most
were positive after enrichment. The inclusion of virginiamycin
in the diet resulted in a decrease in Sal/monella in the duodenal
loop, but this effect was not noted in any other gastrointestinal
tract location.

Identification of bacterial species resident in the avian gas-
trointestinal tract by chaperonin 60 gene sequencing. Ten
¢cpn60 PCR product libraries were generated, representing five
gastrointestinal tract locations of broiler birds fed diets includ-
ing or excluding virginiamycin. Each library was derived from
the pooled contents from each gut location of 10 similarly
treated birds. The library names, descriptions, and numbers of
sequences that were analyzed from each library and the num-
bers of distinct sequences in each library are shown in Table 2.
Only full-length cloned PCR product sequences were included
in the analysis. While the small intestinal libraries were rela-
tively homogenous, with only 29 to 58 distinct sequences per
library, the cecum-derived libraries were comparatively di-
verse, with 110 (no virginiamycin) and 118 (with virginiamycin)
different sequences recovered (Table 2). After all of the se-
quence data were pooled, the clustering process resulted in the
identification of 370 different sequences that were recovered at
various frequencies from each of the 10 libraries (see Table S5
in the supplemental material).

Individual sequences were identified by comparison to the
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TABLE 2. Number of c¢pn60 sequences determined in each poultry
intestinal library”

. b No. of NDZ of
Gut site Treatment distinct
sequences sequences

Duodenal loop —Vm 1,022 30
Duodenal loop +Vm 1,087 53
Mid-jejunum —Vm 1,208 38
Mid-jejunum +Vm 1,103 29
Proximal ileum —Vm 974 34
Proximal ileum +Vm 1,158 58
Ileocecal junction —Vm 1,183 35
Ileocecal junction +Vm 1,193 35
Cecum —Vm 1,016 110
Cecum +Vm 988 118

“ A total of 1,344 clones (14 96-well plates) were picked from each library.
> —Vm, without virginiamycin; +Vm, with virginiamycin.

cpnDB reference database and assigned to taxonomic groups
(see Table S5 in the supplemental material). The distribution
of taxa in each gut location for the control birds (no virginia-
mycin) is shown in Fig. 1. Organisms belonging to the Lacto-
bacillales order dominated all small intestinal locations (duo-
denal loop, mid-jejunum, proximal ileum, and ileocecal
junction) and were also detected in the cecum. However, the
cecum microbiota composition was found to be almost com-
pletely distinct from the small intestine, with a predominance
of sequences belonging to the Clostridiales order and Bacte-
roidetes phylum and relatively fewer examples of the Actinobac-
teria class and Bacillales order relative to the small intestinal
populations examined. In fact, only four sequences (all lacto-
bacilli) were found in both the small intestine and the cecum
(see Table S5 in the supplemental material).

To identify differences in the microbial population compo-
sitions of birds in the two treatment groups and further refine
the data set, all of the sequence and frequency data from all
small intestinal libraries (173 sequences) were pooled and sub-
jected to phylogenetic analysis. Based on the analysis, 20 se-
quences or clusters of virtually identical sequences (at least
95% pairwise identity) were identified, with total frequencies
of occurrences of at least 10. As shown in Table 3, represen-
tatives of small intestinal groups A, B, C, E, F, H, and I were
also detected in the cecum, while all other groups were de-
tected only in the small intestine. Groups E, K, M, and N
showed a weak but consistent trend of increased abundance in
the proximal small intestine in the presence of virginiamycin
and were chosen as targets for further investigation by qPCR.
Group M was also chosen as a target due to its peculiar abun-
dance in the library prepared from the mid-jejunum of birds
fed diets without virginiamycin.

gPCR analysis of the abundance of bacterial targets and
changes in response to the inclusion of virginiamycin in feeds.
An examination of the frequency of clone recovery in each
library suggested that the abundance of certain organisms may
be affected by the inclusion of virginiamycin in the diet. These
¢pn60 sequences, which included both named (groups D, K,
and L) and unnamed (groups M, E, and N) organisms, were
therefore used to design specific PCR primers for qPCR anal-
ysis of the abundance of the target organisms (see Table S1 in
the supplemental material). In addition to organisms chosen



2818 DUMONCEAUX ET AL.

10000 -

3

2 1000 -

< _
S

S 100

3

el

E 104

| =

1 :

duodenal
loop

mid-jejunum  proximal

APPL. ENVIRON. MICROBIOL.

ileo-cecal
junction

cecum
ileum

@@ Actinobacteria O Bacillales & Bacteroidetes & Clostridiales Lactobacillales}

FIG. 1. Taxonomic group assignments and clone frequencies of cpn60 sequences isolated from five gastrointestinal tract locations in control

birds (no virginiamycin).

on the basis of clone frequency ratios, we targeted sequences
that were recovered at low frequencies (fewer than 20 times)
from the cecum (groups V, W, and X) and small intestine
(Staphylococcus lentus) libraries. For these bacterial targets, no
comparative clone frequency information was available, and
these targets were chosen in order to probe the detection limits
of the library sequencing method. We also included five targets
for qPCR analysis that are organisms known to reside in the
avian gastrointestinal tract (Lactobacillus crispatus, Lactobacil-
lus gasseri, Lactobacillus johnsonii, Enterococcus faecalis, and
Escherichia coli). A total of 15 bacteria were targeted for
qPCR-based enumeration (see Table S1 in the supplemental
material). DNA pools were prepared from each gastrointesti-
nal tract location and diet (the same pools that were initially
used to prepare the libraries) and were used as the template in
a qPCR assay. We compared the results obtained from samples
taken from the same gastrointestinal tract location from birds
fed diets including or excluding virginiamycin and plotted this
information for each target in each location (Fig. 2). In the
duodenal loop, the abundance of 11 of the 13 targets that were
detected increased in response to virginiamycin, many of them
showing nearly or more than a 10-fold change in abundance
(Fig. 2A). Four of the five targets from the lactobacilli in-
creased in abundance in the duodenal loop: L. crispatus, library
group D (Lactobacillus aviarius subsp. aviarius), L. johnsonii,
and library group E (~86% identical to Lactobacillus vagina-
lis). L. gasseri was not detected in the duodenal loop. Other
bacterial targets showing a marked increase in response to
virginiamycin were library group W (~80% identical to Clos-
tridium nexile), library group L (Globicatella sanguinis), library
group K (Enterococcus cecorum), and library group X (~85%
identical to Corynebacterium glutamicum). Similarly, in the
mid-jejunum, 11 of 13 targets that were detected increased in
response to virginiamycin; only the abundances of library
group M (~74% identical to Staphylococcus equorum) and
Staphylococcus lentus were unchanged or decreased in re-
sponse to the antibiotic (Fig. 2B). However, only five of the
bacterial targets increased at or near a 10-fold level (library
group W, E. faecalis, L. johnsonii, library group E, and L.
crispatus). In the proximal ileum, two targets (library groups N

and E) increased at or near the 1-log level (Fig. 2C), and L.
gasseri was detected at low levels (1.73 X 10* genomes/g di-
gesta) uniquely in the proximal ileum in the presence of the
antibiotic. In the ileocecal junction and cecum, only library
group N increased substantially (Fig. 2D and E). In the distal
locations, there were several targets that decreased markedly
in abundance. For example, in the ileocecal junction, the abun-
dances of three targets (E. coli, library group D, and library
group K) were dramatically decreased in the presence of vir-
giniamycin (Fig. 2D), while in the cecum, the numbers of
library group V (~80% identical to Eubacterium coprostanoli-
genes) were decreased by almost 2 orders of magnitude (Fig.
2E). The cecum was the only gastrointestinal tract location in
which library group V was detected.

DISCUSSION

The sustained use of antibiotic growth promoters is a stan-
dard practice in the poultry industry. Although the beneficial
effects on health and growth are believed to be mediated by
effects on gastrointestinal microbiota, the underlying mecha-
nisms remain to be discovered. The chicken gastrointestinal
microbiota has been characterized by culture-based analysis
(33) and, more recently, by molecular methods, including 16S
rRNA gene sequencing (2, 19, 20, 31) and DGGE (26, 30, 42).
We have used cpn60 gene sequencing to examine the micro-
biota in five locations in the chicken gastrointestinal tract in
birds fed a control diet or a diet supplemented with virginia-
mycin. Some sequences were differentially recovered from
¢pn60 clone libraries, representing the control or virginiamy-
cin-adapted microbiota. A number of these sequences were
selected as targets for further analysis by qPCR.

We analyzed the microbiota of the birds at day 47, which
coincides with the end of the production cycle. Furthermore,
the birds attain a mature microbiota by that time. The micro-
biota of the virginiamycin-fed birds therefore represented a
virginiamycin-adapted microbiota that would be informative of
the changes that are associated with the inclusion of virginia-
mycin in the diet. The results described here constitute one of
the most comprehensive inventories of avian microbiota re-
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TABLE 3. Abundance of groups in the small intestine
No. of Clone frequency in“:
Group Description selgllllg;:es Dulgiznal Mid-jejunum Pri?;liﬁal ﬁ.ll‘;?ccggil Cecum All
in group locations
-Vm +Vm -Vm +Vm -Vm +Vm -Vm +Vm -Vm +Vm

A 97-100% identical to Lactobacillus 31 372 589 23 601 711 528 544 1101 120 164 4,753
gallinarum and L. crispatus
(acidophilus group)

B 99% identical to Lactobacillus 4 234 122 401 108 65 202 156 29 63 50 1,430
buchneri ATCC 4005

C 96-99% identical to Lactobacillus 5 326 103 6 148 90 79 157 13 44 15 981
salivarius subsp. salivarius
ATCC 11741

D 95-98% identical to Lactobacillus 4 5 28 42 40 16 41 168 1 0 0 341
aviarius subsp. aviarius ATCC
43234

E 86% identical to Lactobacillus 1 5 32 8 34 4 31 4 1 0 5 124
vaginalis ATCC 49540

F 99% identical to Lactobacillus 4 6 17 16 21 4 27 4 5 8 3 111
vaginalis ATCC 49540

G 84% identical to Lactobacillus 2 9 25 37 24 6 47 6 9 0 0 163
buchneri ATCC 4005

H 99% identical to Lactobacillus 6 0 18 2 11 23 19 60 10 16 15 174
Jjohnsonii ATCC 33200

I 84% identical to Lactobacillus 4 1 10 3 2 0 9 1 2 0 2 30
buchneri ATCC 4005

J 84% identical to Pediococcus 2 13 40 85 33 9 42 14 17 0 0 253
parvulus ATCC 43013

K 99% identical to Enterococcus 4 3 5 0 6 4 6 31 0 1 0 56
cecorum ATCC 43198

L 95-98% identical to Globicatella 3 0 7 0 10 1 6 0 0 0 0 24
sanguinis ATCC 51173

M 74% identical to Staphylococcus 3 5 4 423 1 5 4 0 0 0 0 442
equorum ATCC 43958

N 77% identical to Staphylococcus 1 2 8 0 9 0 11 0 0 0 0 30
sciuri ATCC 29060

(0] 75-76% identical to 7 4 14 2 13 2 13 2 0 0 0 50
Staphylococcus pasteuri
BM10426

P 76-77% identical to 3 6 11 2 10 0 13 0 0 0 0 42
Staphylococcus intermedius
ATCC 29663

Q 88-89% identical to Clostridium 2 0 0 0 0 0 0 19 2 0 0 21
polysaccharolyticum ATCC
33142

R 74% identical to Macrococcus 3 0 0 57 3 2 6 0 0 0 0 68
bovicus ATCC 51825

S 75-76% identical to Macrococcus 3 0 0 41 0 3 1 0 0 0 0 45
carouselicus ATCC 51828

T 77-78% identical to 4 10 8 18 5 3 10 1 1 0 0 56

Staphylococcus aureus subsp.
aureus MRSA252

“ —Vm, without virginiamycin; +Vm, with virginiamycin.

ported to date and also demonstrate the changes that occur in
the abundance of specific organisms in response to the inclu-
sion of dietary virginiamycin throughout the production cycle.

We observed a production performance response to di-
etary inclusion of virginiamycin in the early phase of this
study. The lack of a significant performance response through-
out the study is not surprising, given the small number of
experimental units (pens in this case) employed and the fact
that a growth promotion response to AGP is not always evi-
dent, particularly in highly sanitized research facility environ-
ments. Conduct of this study under commercial conditions may
have provided a more consistent performance response to

AGP; however, under such conditions, control of all other
factors (such as diet composition, lighting, and vaccination
program) is extremely difficult.

Examination of the ¢pn60 sequence information from the 10
libraries revealed that the most commonly recovered se-
quences were lactobacilli (library groups A, B, and C) and
accounted for more than 65% of the total (Table 3). A pre-
dominance of lactobacilli, in particular L. crispatus (our group
A) and Lactobacillus salivarius (our group C), was also noted
by Lu et al. in the ileum of 49-day-old broilers in an analysis of
610 16S rRNA gene clones (31). These species were also iden-
tified as being abundant in the intestinal contents of 5- to
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6-week-old broilers fed diets containing antibiotics (13, 30). L.
crispatus, Lactobacillus buchneri, and L. salivarius may there-
fore be considered the most abundant microorganisms present
in the gastrointestinal tract of 5- to 6-week-old broiler birds.
Gong et al. (19) identified 15 bacterial species within a rela-
tively small population of 51 16S rRNA gene clones, among
which L. aviarius subsp. aviarius (our group D) and Enterococ-
cus cecorum (our group K) were the most abundant.

The cecum microbiota was quite distinct from the small
intestinal locations, with a predominance of sequences belong-
ing to the Clostridiales order and Bacteroidetes phylum and
relatively fewer examples of clones from the Actinobacteria
class and Bacillales order than with sequences of the small
intestinal populations (Fig. 1). Only three sequences (appar-
ently from Lactobacillus crispatus, L. buchneri, and L. salivarius
subsp. salivarius) were found in both the small intestine and the
cecum (see Table S5 in the supplemental material). Although
in younger birds the small intestinal and cecal bacterial popu-
lations are similar (37), several groups have observed that by 6
weeks of age, these populations are highly distinct from one
another (2, 20, 26, 31, 42). This observation is hardly surprising
given the different microenvironments provided by these gas-
trointestinal tract locations.

The analysis of cpn60 library clone frequencies provides
information on the taxonomic composition of a sample, and
comparative clone frequencies can be used as a means of
identifying organisms whose abundances may change in re-
sponse to perturbations, such as the inclusion of virginiamycin
in the diet. Another molecular method for identifying organ-
isms that change in abundance in response to environmental
parameters is DGGE. Knarreborg et al. used DGGE to exam-
ine the effects of age, antibiotics, and dietary fats on the com-
position of the ileal bacterial community in broiler chickens
and identified several species of Lactobacillus as well as Clos-
tridium perfringens that responded to the treatments (30). In
addition, Hume et al. monitored the changes in the gastroin-
testinal microbiota of developing and molting birds with
DGGE (26); although they were able to detect changes in the
bacterial composition of their samples, they also noted that the
chosen method of analysis would likely not detect organisms
present at fewer than 10° CFU/g in the intestinal samples. We
have addressed the question of detection sensitivity in the
current library sequencing study by choosing organisms that
were detected at low frequencies as targets for qPCR analysis.
For example, cpn60 sequences corresponding to S. lentus were
identified only seven times in all libraries, and qPCR analysis
showed that its abundance ranged from 10* to 10° genomes/g
contents (Fig. 2). Furthermore, library group X (~86% iden-
tical to Corynebacterium ammoniagenes; 21 clones identified in
all libraries) was found at approximately 10° genomes/g in all
locations, and library group W (~80% identical to Clostridium
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nexile) was not detected in any of the small intestinal locations
but ranged from 10* to 10° genomes/g in these locations (Fig.
2) (see Table S5 in the supplemental material). The library
sequencing approach on the scale that we have used therefore
appeared to be able to detect organisms whose abundance was
near 10° genomes/g contents. This is comparable to the detec-
tion limit of the qPCR method in chicken gastrointestinal tract
contents, which is approximately 10* genomes/g contents (12).
Moreover, the clone frequencies that we identified were often
a reasonably good indication of the change in abundance of the
target organism in response to dietary virginiamycin: the clone
frequency of library group W increased 1.95-fold in the cecal
library with virginiamycin, and qPCR analysis showed that the
increase was 1.77-fold. In some cases, however, clone frequen-
cies were not an indication of true changes in response to
virginiamycin; library group M (74% identical to Staphylococ-
cus equorum) was apparently very abundant in the library pre-
pared from the contents of the mid-jejunum in birds fed no
antibiotic compared to birds fed virginiamycin, but qPCR anal-
ysis did not bear this out (Table 3 and Fig. 2). Thus, clone
frequencies in the context of relatively large libraries as de-
scribed here can be taken as a putative indication of the change
in abundance of the target organism, but validation by qPCR
analysis is necessary for confirmation.

We used qPCR to examine the adundance of selected or-
ganisms in each gastrointestinal location in the presence and
absence of virginiamycin. In general terms, dietary virginiamy-
cin appeared to increase the abundance of the bacterial targets
that we analyzed in the proximal gastrointestinal tract locations
(duodenal loop, mid-jejunum, and proximal ileum), with no
effect or a decrease in their abundances toward the distal end
(ileocecal junction and cecum) (Fig. 3). Since culture-based
analysis indicated that total bacterial numbers did not change
significantly when virginiamycin was included in the diet, we
suggest that the increase in the abundance of certain species
may be explained by a virginiamycin-induced decrease in un-
enumerated competing species, which opens up a niche into
which bacteria may grow. These bacteria may be beneficial to
host health and nutrition, for example, by competitively ex-
cluding the colonization of the gastrointestinal tract by patho-
genic bacteria, aiding in the digestion of certain feed compo-
nents, producing essential metabolites, or degrading potentially
antinutritional dietary components (11). The introduction of a
reasonably broad-spectrum antibiotic at subtherapeutic doses
into a complex and varied intestinal microbiota appeared to
alter the balance of the ecosystem and ultimately resulted in
both increases and decreases in the abundances of various
species in different gastrointestinal locations. For example, we
observed that the abundance of most of the Lactobacillus tar-
gets increased in the presence of virginiamycin in the proximal
locations but did not change substantially or decreased in the

FIG. 2. Abundance of 15 bacterial targets in each gastrointestinal tract location in the presence and absence of virginiamycin as measured by
qPCR. The dotted lines indicate a 10-fold increase (upper line), a 10-fold decrease (lower line), or no change (middle line). For all graphs, the
data points are labeled as follows (see Table S1 in the supplemental material for library group identifications): 1, library group D; 2, L. crispatus;
3, L. gasseri; 4, library group V; 5, library group X; 6, library group W; 7, E. faecalis; 8, E. coli; 9, library group M; 10, library group E; 11, library
group N; 12, library group K; 13, library group L; 14, S. lentus; and 15, L. johnsonii. Note that all primer sets were assayed in all gastrointestinal
tract locations, and the absence of a target on a graph indicates that it was not detected in one or both treatment groups. (A) Duodenal loop.

(B) Mid-jejunum. (C) Proximal ileum. (D) Ileocecal junction. (E) Cecum.
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FIG. 3. Abundance of each of 15 bacterial targets in the presence and absence of dietary virginiamycin grouped according to gastrointestinal
tract location. Each gastrointestinal tract location is plotted separately: duodenal loop ((J), mid-jejunum (2), proximal ileum (O), ileocecal junction
(), and cecum (m). Note that the proximal locations are represented by open symbols while the distal locations are represented by closed symbols.

distal locations. An increase in lactobacilli and other targets in
the proximal locations is in contrast to the findings of Knarre-
borg et al., who reported significant decreases in the viable
counts of lactobacilli and C. perfringens in the ileum of 14- to
21-day-old broiler chickens fed diets containing avilamycin and
salinomycin (30). Although the effects of the antibiotics on the
total viable counts of lactobacilli were not significant at 35 days
of age, L. salivarius was observed by DGGE to be absent only
in the antibiotic-fed birds at this age (30). Similar effects on the
populations of C. perfringens and L. salivarius were reported in
the gastrointestinal tracts of 5-week-old broilers fed diets con-
taining zinc bacitracin and salinomycin (13). In contrast, Col-
lier et al. (9) reported that tylosin increased the abundances of
lactobacilli, especially L. gasseri, in the ileum of antibiotic-fed
pigs compared with that of controls. These results are consis-
tent with our observations in the proximal gastrointestinal tract
of virginiamycin-fed chickens.

In conclusion, we provide here significant further character-
ization of microbial colonization in the chicken intestinal tract.
The ¢pn60 sequence information will be valuable in assessing
species colonization variation in response to nutritional, envi-
ronmental, and genetic factors and ultimately linking specific
organisms with nutritional or health benefits. In the case of
virginiamycin, bacteria colonizing the proximal gastrointestinal
tract, including regions proximal to those examined here, may
be very sensitive to antibiotic inclusion and should be exam-
ined more closely for contribution to the beneficial effect of
AGP, especially in a time course study and ideally in a com-
mercial environment. We have identified a number of lacto-
bacilli that were increased in proximal locations and may have
probiotic potential. Similarly, bacterial species reduced by di-
etary virginiamycin, which were primarily identified in distal

locations, may be considered potentially harmful organisms
with respect to bird health and performance and could be
targets for reduction by nonantibiotic approaches.
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