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Alterations in the diversity of the gut microbiota are believed to underlie the development of antibiotic-
associated diarrhea (AAD). A molecular phylogenetic analysis was performed to document temporal changes
in the diversity of fecal bacteria of a patient who developed AAD. Antibiotic administration was associated with
distinct changes in the diversity of the gut microbiota, including a marked decrease in the prevalence of
butyrate-producing bacteria. Following the discontinuation of the antibiotic, resolution of diarrhea was ac-
companied by a reversal of these changes, providing the first direct evidence linking changes in the community
structure of the gastrointestinal bacteria with the development of AAD.

The normal gut biota represents a complex microbial eco-
system (the “enterome”) that plays a crucial role in homeosta-
sis of the gastrointestinal tract (12). As such, disturbances in
the enterome can lead to a variety of pathogenic states. Anti-
biotic-associated diarrhea (AAD), defined as diarrhea associ-
ated with the administration of antibiotics and without another
obvious cause, is believed to represent such a condition (3, 9).
The frequency of AAD varies among different antibiotics, but
AAD can affect up to 25% of the patients receiving a particular
antibiotic.

A number of mechanisms underlie the development of
AAD. Overgrowth by the toxigenic bacterium Clostridium dif-
ficile is a mechanism that has received particular attention, in
part because it can occur in nosocomial outbreaks and is re-
sponsible for virtually all cases of antibiotic-associated pseu-
domembranous colitis, which can lead to complications such as
paralytic ileus and colonic dilatation and perforation (11, 13).
However, it is estimated that only 15 to 25% of all cases of
AAD are due to the overgrowth of C. difficile (3).

Another possible mechanism is the loss of beneficial meta-
bolic activities of intestinal microbes (6). Global changes in the
composition and quantity of the gut microbiota (even in the
absence of overgrowth by pathogenic microorganisms) can re-
sult in perturbations of global colonic metabolism that lead to
AAD (9). The colon is unable to absorb carbohydrates, and as
much as 70 g of undigested carbohydrate reaches the colon
each day. Colonic bacteria, especially certain anaerobes, me-
tabolize these carbohydrates as an energy source, producing
lactic acid and short-chain fatty acids (SCFAs), the latter being
readily absorbed by the colon (5). Loss of these bacteria due to
antibiotic treatment can lead to increased amounts of carbo-
hydrate in the colonic lumen, leading to an osmotic diarrhea.
Additionally, the SCFA n-butyrate is an important source of
energy for the mucosa of the distal colon (15). Reduction of
the production of SCFA due to reduced levels of colonic

anaerobes can thus lead directly to functional disorders of the
colonic mucosa (19). In spite of these theoretical consider-
ations, there is little direct evidence for this mechanism of
non-C. difficile AAD.

In order to monitor changes in the diversity of the gut eco-
system during antibiotic administration, we conducted a mo-
lecular phylogenetic survey of the fecal microbiota from a
patient who developed AAD during the administration of a
broad-spectrum antibiotic.

CASE REPORT

The patient was a 39-year-old male who was prescribed
amoxicillin-clavulanic acid (875 and 125 mg, respectively, twice
daily for 10 days) for acute sinusitis. The patient had no history
of chronic gastrointestinal disease, had not had antibiotics in
the previous year, and was taking no other medications. The
patient had a history of taking amoxicillin for dental prophy-
laxis in the past and never had previous episodes of diarrhea
with amoxicillin administration.

Within 24 h of starting amoxicillin-clavulanate, the patient
noted the onset of bulky, loose stools. The patient denied ab-
dominal pain, fever, tenesmus, or bright red blood per rectum.
The patient continued to have two to three loose bowel move-
ments during the 10-day course of antibiotic administration.
Bowel habits returned to baseline within 4 days of the discon-
tinuation of the antibiotic.

MATERIALS AND METHODS

Patient sample collection. Freshly voided stool was collected from the first
daily bowel movement of the patient during antibiotic therapy and on a weekly
basis after the discontinuation of antibiotics. The first sample collected was the
initial bowel movement after starting antibiotics, which was 12 h after the first
oral dose. Four �25-mg aliquots of each stool sample were stored at �70°C. For
the analysis reported here, an aliquot was selected from the initial collected
sample (day 0), the sample from the fourth day of antibiotic administration (day
4), and the sample collected 2 weeks after the final dose of antibiotics (day 24).

DNA purification and construction of 16S ribosomal DNA (rDNA) clone
libraries. Total stool DNA was purified from each selected stool sample using a
commercial DNA isolation kit specifically designed to remove inhibitors of PCR
from stool samples (Stool DNA kit; QIAGEN, Germantown, Md.). As a con-
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tamination control, a sample of autoclaved water was carried through the puri-
fication scheme.

PCR employing primers targeting bacterial 16S rRNA genes (8F and 1492R
[16]) was performed on each DNA sample. PCR was performed using Pharmacia
Ready-To-Go PCR beads (Amersham Pharmacia Biotech Inc., Piscataway, N.J.).
Reaction mixtures were set up with 1 �l of template DNA (approximately 100
ng), 20 pmol of each primer, and water to a total volume of 25 �l. This yielded
a reaction mixture containing 1.5 U of Taq polymerase, 10 mM Tris-HCl (pH 9.0
at room temperature), 50 mM KCl, 1.5 mM MgCl2, a 200 �M concentration of
each nucleotide, and stabilizers, including bovine serum albumin. The reaction
mixtures were subjected to amplification in a DNA thermal cycler (Eppendorf
Mastercycler gradient) with the following cycling conditions: initial denaturation
at 94°C for 3 min followed by 30 cycles of denaturation at 94°C for 30 s, annealing
at 48°C for 45 s, and extension at 72°C for 1.5 min. A final extension at 72°C for
10 min was performed. Control amplifications with sterile water and the water
subjected to the DNA purification procedure were included in each amplification
reaction and never gave visible amplicons.

Amplicons were isolated using a commercial purification kit (GFX; Amersham
Pharmacia Biotech) according to the recommendations of the manufacturer. The
purified PCR products were ligated into a plasmid vector (pCR 2.1; Invitrogen,
Carlsbad, Calif.) that takes advantage of the nontemplated 3� A overhangs
generated during PCR to create three 16S rDNA clone libraries.

DNA sequencing and analysis. Plasmid purification and DNA sequence de-
termination of 96 randomly selected clones from each library were performed by
the Genomic Technology Support Facility at Michigan State University. Each
clone was sequenced with a single primer (519R) that typically yielded �500
bases of readable sequence. Sequences with numerous ambiguous base calls or
with fewer than 350 total bases were excluded from further analysis.

Sequences were analyzed for the formation of chimeras using the Chimera
Check program from the Ribosomal Database Project (4). Potential chimeric
sequences were excluded from additional analysis. Sequences were aligned to
one another and to a phylogenetically diverse collection of rRNA gene sequences
using the ARB suite of programs (available through http://www.arb-home.de)
running on a Macintosh G4 computer (Apple, Cupertino, Calif.). Alignments
were adjusted by hand to account for regions of primary sequence similarity and
secondary structure. Regions of ambiguous alignment (primarily stem structures
of variable length) were excluded from the final comparison of sequences, such
that 388 positions were used in the final phylogenetic analyses.

Partial 16S sequences were initially added to the ARB framework tree using
parsimony criteria that added the sequences to the established tree without
changing its topology. Subsequent trees, including the tree presented in Fig. 1,
were calculated de novo using the ARB neighbor-joining algorithm. Bootstrap
analysis was performed by exporting the ARB alignment for analysis with the
MEGA2 software package (available at http://www.megasoftware.net). Statistical
differences in the composition of clone libraries from each time point were
determined using LIBSHUFF (version 1.2) (17).

Nucleotide sequence accession numbers. The sequences of the cloned inserts
were deposited in GenBank under the accession numbers AY457674 to
AY457915.

RESULTS

A patient being treated with amoxicillin-clavulanic acid for
acute sinusitis was monitored for the development of AAD.
The patient developed loose stool within 24 h after the first
dose of antibiotics. DNA was purified from stool samples col-
lected (i) from the first voided stool after the initiation of
antibiotics (day 0), (ii) 4 days after the initiation of antibiotics
(day 4), and (iii) 2 weeks after the last dose of antibiotics (day

24). A 16S rDNA library was constructed from each of three
DNA samples following PCR amplification using primers that
target bacterial 16S rRNA genes. Ninety-six randomly selected
clones from each library were subjected to DNA sequence
analysis using a sequencing primer (519R) that yielded an
average of 500 bp of readable sequence. Ultimately, 84, 74, and
84 sequences were utilized from each library, respectively, for
phylogenetic analysis. Phylogenetic trees were constructed us-
ing the ARB suite of programs (Fig. 1).

In the day 0 sample, the majority of the sequences clustered
within four bacterial groups (Fig. 1): (i) Bacteroides spp., (ii)
Clostridium sp. rRNA cluster IV, (iii) Clostridium sp. rRNA
cluster XIVa, and (iv) Bifidobacterium spp. Four days after the
initiation of antibiotics, there was a marked shift in the repre-
sentation of the major bacterial groups. Bacteroides spp. were
still a major component of the microbiota, but whereas mem-
bers of the Bacteroides fragilis cluster were predominant in the
day 0 sample, Bacteroides distasonis was the predominant
group at day 4. Strikingly, no sequences corresponding to Clos-
tridium rRNA cluster XIVa or to Bifidobacterium spp. were
detected at day 4, whereas these two groups represented a
third of the sequences detected on day 0. Conversely, 34% of
the sequences detected on day 4 were members of the En-
terobacteriaceae, which represented only 2% of the day 0 se-
quences.

Two weeks after the cessation of antibiotics (day 24), there
was partial reversal of the changes seen on day 4. B. fragilis was
once again the predominant Bacteroides species, and there was
reappearance of members of Clostridium rRNA cluster XIVa.
No sequences of members of the Enterobacteriaceae were de-
tected on day 24. Interestingly, Bifidobacterium spp., which was
one of the major groups seen on day 0 and not present on day
4, did not return by day 24.

LIBSHUFF analysis (17) of each pairwise comparison be-
tween the libraries indicated that the libraries were signifi-
cantly different from one another: P values were �0.001 with
the exception of the day 24 library compared to the day 1
library, where the P value was 0.004. Visual inspection of the
phylogenetic analysis of cloned sequences (Fig. 1) suggests that
the day 24 library is a subset of the day 0 library, with all
well-represented phylogenetic groups present at day 0 also
present at day 24 (with the exception of the bifidobacteria).

DISCUSSION

AAD is a significant side effect of antimicrobial administra-
tion. A critical factor in the etiopathogenesis of AAD is felt to
be an alteration in the normal gastrointestinal microbiota (9).
This change in the diversity of the microbiota is thought to
allow the ingrowth of pathogens such as C. difficile (13). In

FIG. 1. Phylogenetic tree showing the distribution of 16S rDNA sequences of randomly selected clones from libraries constructed from stool
DNA samples obtained from a patient prior to antibiotic therapy (day 0 [red]), during therapy (day 4 [green]), and 2 weeks after discontinuation
of therapy (day 24 [blue]). Brackets outline major clusters of organisms, and the adjacent bar graphs document the distribution of clones in each
cluster at each time point. Named species are representative type species downloaded from the Ribosomal Database Project and inserted into the
tree to provide taxonomic reference points. These reference species do not contribute to the number of clones depicted in the bar graphs. The scale
bar represents evolutionary distance (10 substitutions per 100 nucleotides). The tree was constructed using neighbor-joining analysis of a distance
matrix obtained from a multiple-sequence alignment performed using the ARB suite of programs. Bootstrap values were calculated using the
MEGA2 program.
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addition, alteration of the gut microbiota can lead to significant
changes in the colonic microenvironment, especially with re-
gards to the concentration and distribution of organic com-
pounds such as carbohydrates, SCFAs, and bile acids (9).

The patient in this study developed AAD that was not as-
sociated with evidence of C. difficile, as judged by a negative C.
difficile toxin assay (data not shown). It has been proposed that
non-C. difficile-associated AAD is due to the loss of beneficial
metabolic activities of the normal colonic biota. In particular
the metabolism of undigested fiber and starch by certain co-
lonic anaerobes to SCFAs (in particular, butyrate) has been
hypothesized to prevent osmotic diarrhea as well as provide a
supply of the preferred carbon and energy source to the co-
lonic enterocytes (5, 15, 19).

To our knowledge, this study provides the first direct evi-
dence in support of this hypothesis for the etiopathogenesis of
non-C. difficile-associated AAD. The microbiology of butyrate
production in the human colon has been investigated recently
(14). The most numerous butyrate-producing bacteria have
been found to belong to the clostridial clusters IV and XIVa.
Members of these two phylogenetic groups composed almost
half of the identified species at day 0 in our patient. This
sample was collected approximately 12 h after the first dose of
antibiotics. However, since this was the first stool voided after
the initiation of antibiotics, it should be a valid representation
of the colonic microbiota prior to the administration of anti-
biotics. This assumption is supported by the fact that the rep-
resentation and distribution of the major bacterial groups
found in this sample are in agreement with previous studies
that examined the fecal microbiota of healthy humans (8, 10,
18).

By day 4, after the patient had developed AAD, no members
of clostridial cluster XIVa were found, and there was a marked
decrease in the number of members belonging to clostridial
cluster IV. Recent analysis of the bacteriology of butyrate
production in the human gut suggests that the majority of
butyrogenic organisms fall within cluster XIVa (2, 14). Thus,
our observations provide the first evidence in support of the
hypothesis that AAD can result from measurable changes in
the composition of the microbiota of the gastrointestinal tract.

The composition of the colonic microbiota was initially de-
termined by culture-based studies (1). More recently, molecu-
lar genetic tools have been used to gain a more complete
assessment of the diversity of the gut microbiota (7, 8, 10, 18,
20). To our knowledge, the present study is the first to use
molecular methods to look at the temporal changes in the
diversity of the colonic microbiota brought on by the adminis-
tration of a broad-spectrum antibiotic. This is a powerful ap-
proach that can monitor qualitative and quantitative shifts in
the diversity of the enterome under ecologic stresses such as
infection or the administration of antibiotics and/or probiotic
organisms.
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