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Fecal bacteria were studied in healthy elderly volunteers (age, 63 to 90 years; n = 35) living in the local
community, elderly hospitalized patients (age, 66 to 103; n = 38), and elderly hospitalized patients receiving
antibiotic treatment (age, 65 to 100; » = 21). Group- and species-specific primer sets targeting 16S rRNA genes
were used to quantitate intestinal bacteria by using DNA extracted from feces and real-time PCR. The principal
difference between healthy elderly volunteers and both patient cohorts was a marked reduction in the Bacte-
roides-Prevotella group following hospitalization. Reductions in bifidobacteria, Desulfovibrio spp., Clostridium
clostridiiforme, and Faecalibacterium prausnitzii were also found in the hospitalized patients. However, total 16S
rRNA gene copy numbers (per gram of wet weight of feces) were generally lower in the stool samples of the two
groups of hospitalized patients compared to the number in the stool samples of elderly volunteers living in the
community, so the relative abundance (percentage of the group- and species-specific rRNA gene copies in
relation to total bacterial rRNA gene copies) of bifidobacteria, Desulfovibrio spp., C. clostridiiforme, and F.
prausnitzii did not change. Antibiotic treatment resulted in further reductions in the numbers of bacteria and
their prevalence and, in some patients, complete elimination of certain bacterial communities. Conversely, the
numbers of enterobacteria increased in the hospitalized patients who did not receive antibiotics, and due to
profound changes in fecal microbiotas during antibiotic treatment, the opportunistic species Enferococcus

Jaecalis proliferated.

Degenerative transformations in gut physiology and function
occur with aging and may be linked, in part, to changes in the
composition and metabolic activities in the colonic ecosystem.
As earlier studies have indicated, protective intestinal micro-
organisms such as bifidobacteria decrease in numbers, while
putatively detrimental populations such as clostridia and en-
terobacteria increase in the elderly (16, 17, 19, 20, 22, 32, 33).
The normal intestinal microbiota, however, provides an impor-
tant natural defense mechanism against invading pathogens
and prevents overgrowth of autochthonous opportunistic mi-
croorganisms, a process known as colonization resistance. The
large intestinal ecosystem provides colonization resistance by a
variety of mechanisms such as occupying adhesion sites in the
gut and the production of antimicrobial agents. Host factors
such as gut peristalsis and the secretion of saliva and gastric
acid also contribute to the defense against invading pathogens.
Detrimental changes in gastrointestinal ecology and function
can have major consequences for the elderly, and a higher
incidence of gastrointestinal infections is observed in older
people (26). Diet is an important determinant of bowel func-
tion, and age-related changes in the amounts and types of food
consumed caused by a decline in taste and smell, masticatory
dysfunction, and swallowing difficulties (15) may be important
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factors contributing to alterations in the gut ecosystem in old
age.

Malnutrition is also an important factor responsible for the
impaired immune responses seen in elderly people (24). Im-
munologic changes with the onset of old age involve reductions
in the efficiency of B- and T-cell-mediated responses (41), and
the increase of circulating antibodies against commensal gut
bacteria in older people has been associated with age-related
changes such as decreased gastric acid secretion and increased
mucosal permeability (35).

Old people are hospitalized twice as frequently as younger
people, their length of stay is twice as long, and they receive
twice as many medications as younger patients (13). It is esti-
mated that at any given time, approximately 20% of the elderly
patients in hospitals are receiving antibiotic treatment, princi-
pally for urinary and respiratory tract infections (M. E. T.
McMurdo, unpublished data). Antibiotics can cause major dis-
turbances in the intestinal microbiota, and important anaero-
bic species in the bowel such as bifidobacteria, lactobacilli, or
bacteroides can be radically reduced, or even eradicated, dur-
ing antibiotic treatment, while pathogenic bacteria can prolif-
erate (44).

The commensal intestinal microbiota has been examined in
detail in healthy adults, and a few investigations have dealt
with the intestinal microbiota of healthy elderly people (16, 17,
19, 20, 22, 32, 33). However, the effects of antibiotic treatment
on the gut bacteria in the elderly have been studied only on a
very small group of volunteers (20), and little information is
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available on the effects of hospitalization on the gut bacteria of
older people.

Most of the studies on the human gut bacteria have used
cultivation techniques to monitor bacterial populations, al-
though it has been reported that less then 25% of the intestinal
species are cultivable (43). There is, consequently, a need for
rapid, reliable, and specific methods to monitor and quantitate
gut bacteria during the aging process. Molecular techniques
based on the analysis of the 16S rRNA or rRNA genes are
being increasingly used, and a variety of techniques such ran-
dom cloning and sequencing (43), denaturing gel electrophore-
sis (46), fluorescence in situ hybridization (23), and dot blot
hybridization (10) have been developed. Quantitative analysis
of the fecal microbiota by employing species- or group-specific
PCR has been done either by indirectly measuring PCR titers
(45) or in combination with culture techniques (30), but only
real-time PCR enabled dominant and subdominant intestinal
populations to be directly quantitated by using DNA isolated
from fecal material (29).

To overcome the methodological problems associated with
culture techniques, real-time PCR was used in this investiga-
tion to monitor various bacterial groups in stool samples ob-
tained from older people. Three different groups were re-
cruited to analyze the effects of hospitalization and antibiotic
treatment on the intestinal microbiota of elderly patients in
comparison to the intestinal microbiota of a group of healthy
older people living in the local community.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The strains listed below were ob-
tained from the National Collection of Industrial and Marine Bacteria (NCIMB;
Aberdeen, United Kingdom), the National Collection of Type Cultures (NCTC;
London, United Kingdom), Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH (DSM; Braunschweig, Germany), the American Type Cul-
ture Collection (ATCC; Manassas, Va.), and laboratory stock cultures at the
University of Dundee (DUN). The following bacteria were used to evaluate the
specificity of PCR primer sets (see Table 2): Bacteroides fragilis NCTC 9343,
Bacteroides ovatus DUN 203, Bacteroides thetaiotaomicron NCTC 10582, Bacte-
roides vulgatus DUN 116, Bifidobacterium catenulatum NCIMB 702246, Bi-
fidobacterium adolescentis NCIMB 702231, Bifidobacterium bifidum NCIMB
702715, Bifidobacterium breve NCTC 11815, Clostridium clostridiiforme DUN-
120, Clostridium malenominatum DUN 102, Clostridium perfringens NCTC 8346,
Clostridium butyricum NCIMB 7423, Clostridium bifermentans DUN-156, Clos-
tridium perfringens NCTC 8533, Clostridium sordellii DUN 113, Clostridium tetani
NCTC 5404, Clostridium difficile NCTC 11223, Clostridium histolyticum DSM
2158, Desulfovibrio desulfuricans NCIMB 12833, Desulfovibrio desulfuricans
NCIMB 8307, Desulfovibrio vulgaris NCIMB 8303, Desulfococcus multivorans
NCIMB 12965, Desulfobacter vibrioformis NCIMB 13525, Desulfobacter vibrio-
formis NCIMB 13525, Desulfotomaculum ruminis DSM 2154, Desulfotomaculum
ruminis NCIMB 8452, Desulfotomaculum ruminis (laboratory strain provided by
G. R. Gibson, University of Reading, United Kingdom), Escherichia coli ATCC
11775, E. coli NCTC 9001, Enterococcus faecalis ATCC 51299, Enterococcus
faecalis NCTC 8131, Enterococcus faecium NCTC 12202, Eubacterium limosum
DUN 112, Eubacterium rectale DUN-128, Eubacterium aerofaciens DUN 207,
Eubacterium cylindroides DUN-119, Faecalibacterium prausnitzii ATCC 27768,
Faecalibacterium prausnitzii NCIMB 13872, Lactobacillus plantarum DUN 145,
Lactobacillus acidophilus DSM 20079, Peptostreptococcus anaerobius DUN 167,
Ruminococcus flavefaciens 17 (laboratory strain provided by H. Flint, Rowett
Research Institute, Aberdeen, United Kingdom), Ruminococcus albus SY3 (H.
Flint), Ruminococcus productus DSM 2950, Shigella sonnei DUN-198, Shigella
flexneri DUN 200, Salmonella enterica serovar Typhimurium DUN 217, and
Veillonella parvula NCTC 12140.

Desulfovibrios were grown in Postgate medium B in universal bottles (27); all
other organisms were cultured on Wilkins-Chalgren agar plates or broth and
incubated in an anaerobic chamber (in an atmosphere of 80% N,,10% CO,, and
10% H,) at 37°C.
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TABLE 1. Age and sex of study group participants

Group Mean age = SD Age range Sex (no. male/
(no. of participants) (yr) (yr) no. female)
H (35) 7158 63-90 0/35
P (38) 81 = 7.5¢ 66-103 23/15
PAB (21) 81 + 8.0 65-100 15/6

¢ Indicates a significant difference (P < 0.05) between groups H and P.
® Indicates a significant difference (P < 0.05) between groups H and PAB.

DNA extraction from bacterial cultures. Bacterial cells were collected and
resuspended in 450 pl of deionized water to which 50 ul of lysozyme (50 mg
ml~") was added and incubated at 37°C for 30 min in a water bath. Twenty-five
microliters of proteinase K solution (20 mg ml~'), 50 wl of 20% sodium dodecyl
sulfate, 500 pl of aqua deionium, and 350 mg of 0.1-mm glass beads (BioSpec,
Bartlesville, Okla.) were then added to mechanically destroy the cells by using a
Mini-Beadbeater (BioSpec) for 2 min at maximum speed. After the suspension
was heated at 70°C for 10 min, the bead-beating step was repeated, and the cell
debris was removed by centrifugation (5,000 X g for 3 min). The supernatant
containing bacterial DNA was purified by using a DNA purification kit (QIA-
GEN, Hilden, Germany) according to the manufacturer’s instructions.

Subjects. Three groups of elderly people (Table 1) from the Tayside area, East
Scotland, with no history of gastrointestinal disease participated in this study,
comprising healthy elderly volunteers (group H), hospitalized elderly patients
(group P), and hospitalized elderly patients receiving antibiotic therapy (group
PAB). Groups P and PAB were recruited from the Royal Victoria Hospital,
Dundee, and stayed on a standard hospital diet. Group H volunteers lived in the
local community and continued with their usual diet. Groups H and P had not
received any antibiotics or laxatives within 2 months of the study. Group PAB
received single antibiotics or combinations of drugs such as amoxicillin (29%),
amoxicillin-clavulanic acid (35%), ciprofloxacin (12%), clarithromycin (6%),
clindamycin (6%), flucloxacillin (12%), metronidazole (12%), rifampin (6%),
and trimethoprim (12%) to treat various nongut infections. Group PAB patients
diagnosed with C. difficile-associated diarrhea were excluded from the study.
Written informed consent was obtained from each participant, and the study was
approved by the Tayside Committee on Medical Research Ethics.

A total of 94 individuals took part in the study (Table 1). The two patient
groups P and PAB were similar in terms of age range, mean age, and sex. Both
groups P and PAB included higher numbers of men, with a mean age of 81 years.
In contrast to these groups, group H volunteers were only female, and the mean
age was 71 years.

Fecal slurries. Stool samples were collected and processed within 1 h after
defecation. Fresh feces were homogenized (10% wt/vol) in 0.1 M sodium phos-
phate buffer (pH 6.5) containing 80 mg of pectin liter ! (citrus), 150 mg of starch
liter ™! (soluble), 80 mg of xylan liter ! (oatspelt), and 80 mg of mucin liter '
(partially purified porcine gastric mucin) before being serially diluted 10-fold in
half-strength peptone water.

DNA extraction from feces. DNA was extracted from 2 ml of fecal slurry by
using a QIAGEN stool kit with a modified protocol for cell lysis analogous to the
one described for bacterial cells. Briefly, cells were collected by centrifugation at
20,000 X g (10 min) and resuspended in 1.4 ml of ASL lysis buffer. Glass beads
(350 mg) were added, and the slurries were bead beaten for 2 min at maximum
speed. After the suspension was heated for 5 min at 95°C, the bead-beating step
was repeated, and the cell debris was removed by centrifugation (5,000 X g for
2 min). DNA-damaging substances and PCR inhibitors were removed from the
supernatant containing the DNA by using the InhibitEX tablets provided in the
kit. Protein digests and DNA purifications were done by using QIAamp spin
columns, according to the manufacturer’s instructions.

Primers and PCR amplification. All primer sets used are listed in Table 2.
Primer sets developed in this study were designed on the basis of 16S rRNA gene
sequences available from the GenBank database and by means of the computer
program Primer Premier for Windows, version 5.0 (Premier Biosoft Interna-
tional, Palo Alto, Calif.). The specificities of the oligonucleotide sequences for
the target organisms were checked with an online tool provided by the Ribo-
somal Database Project (8). The primers were synthesized commercially by
Invitrogen Life Technologies (Paisley, United Kingdom).

Each PCR mixture (50 pl) contained 10 mM Tris-HCI (pH 9.0), 50 mM KClI,
1.5 mM MgCl,, 0.25 mM concentrations of the deoxynucleoside triphosphates,
0.5 pM primer, 1 ul of bacterial template DNA, and 1 U of Tag DNA polymer-
ase (Promega, Madison, Wis.). Determining the optimal annealing temperature
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TABLE 2. Primer sets used in this study

. . Prqduct Annealing Reference or
Target organism Primer set Sequence (5’ to 3") size temp (°C) source
(bp)
All eubacteria Uni331F TCCTACGGGAGGCAGCAGT 466 58 34
Uni797R GGACTACCAGGGTATCTATCCTGTT 34
Bacteroides-Prevotella group Bac303F GAAGGTCCCCCACATTG 418 56 2¢
Bac708R CAATCGGAGTTCTTCGTG 2
Enterobacteriaceae Ecol457F CATTGACGTTACCCGCAGAAGAAGC 195 63 This study
Ecol1652R CTCTACGAGACTCAAGCTTGC This study
Bifidobacterium genus Bif164F GGGTGGTAATGCCGGATG 278 59 23
Bif601R TAAGCCATGGACTTTCACACC 2¢
Desulfovibrio genus Dsv691F CCGTAGATATCTGGAGGAACATCAG 135 63 14
Dsv826R ACATCTAGCATCCATCGTTTACAGC 14
Faecalibacterium prausnitzii Fprau223F GATGGCCTCGCGTCCGATTAG 199 58 45¢
Fprau420R CCGAAGACCTTCTTCCTCC 45
Ruminococcus albus Ralb561F CAGGTGTGAAATTTAGGGGC 246 63 This study
Ralb807R GTCAGTCCCCCCACACCTAG This study
Clostridium butyricum Cbut825F GTGCCGCCGCTAACGCATTAAGTAT 213 72 This study
Cbut1038R ACCATGCACCACCTGTCTTCCTGCC This study
Clostridium clostridiiforme Cclos99F AATCTTGATTGACTGAGTGGCGGAC 148 62 This study
Cclos247R CCATCTCACACTACCGGAGTTTTTC This study
Enterococcus faecalis Efs130F AACCTACCCATCAGAGGG 360 57 31
Efs490R GACGTTCAGTTACTAACG This study
“ Modified from reference.
for each primer set (Table 2) and testing the specificity of each primer set were RESULTS

done by using a Mastercycler gradient PCR machine (Eppendorf, Hamburg,
Germany) and a Techne Genius PCR machine (Duxford, United Kingdom),
respectively. The PCR program consisted of 35 cycles with a DNA denaturation
step at 95°C (1 min), followed by an annealing step (1 min) and elongation step
at 72°C (45 seconds). The PCR was completed with a final elongation step at
72°C (5 min).

Plasmid DNA standards. PCR products of the different primer sets were
purified by using a QIAquick spin PCR purification kit (QIAGEN), ligated into
the pGEMT vector (Promega), and transformed into competent E. coli IM109
cells by heat shock at 42°C. Clones containing the correct plasmid insert were
confirmed by PCR amplification and subcultured on Luria-Bertani medium
supplemented with ampicillin (200 mg liter™'). Plasmid DNA was purified by
using the Wizard Plus SV Minipreps DNA purification kit (Promega), and the
plasmid DNA concentration was determined by electrophoresis and a compar-
ison of band strengths against molecular marker DNA (2 log DNA Ladder
N3200L; New England Biolabs Ltd., Hitchin, Hertfordshire, United Kingdom).

Real-time PCR. An iCycler iQ apparatus (Bio-Rad, Hercules, Calif.), associ-
ated with iCycler Optical System Interface software (version 2.3; Bio-Rad), was
used for the real-time PCR. Each reaction was done in duplicate in a volume of
20 pl with 96-well optical-grade PCR plates, sealed with optical sealing tape
(Bio-Rad). Amplification reactions were done with iQ SYBR Green Supermix
(Bio-Rad) containing 3 mM MgCl,, 20 mM Tris HCI (pH 8.4), 50 mM KClI, each
deoxynucleoside triphosphate at a concentration of 200 M, SYBR Green I, 10
nM fluorescein, 0.625 U of iTaq DNA polymerase mixed with the selected
primer set at a concentration of 0.5 uM for each primer, and 1.6 pl of the
respective template DNA or water. Amplifications were done with the following
temperature profiles: one cycle at 95°C (3 min), 35 cycles of denaturation at 95°C
(30 seconds), primer annealing (30 seconds), and one final cycle at 95°C (30
seconds). Finally, melt curve analyses were made by slowly heating the PCR
mixtures from 55 to 95°C (1°C per cycle of 10 s) with simultaneous measurements
of the SYBR Green I signal intensities. Quantitation was done by using standard
curves made from known concentrations of plasmid DNA containing the respec-
tive amplicon for each set of primers.

Statistical analyses. Logarithms of fecal 16S rRNA gene copy numbers were
used to achieve normal distribution, and the mean * standard deviation (SD)
was calculated. SPSS for Windows, version 10.0.7, was employed for statistical
analyses with a one-way analysis of variance and Bonferroni multiple compari-
sons to compare the three subject groups with each other. The percentage of
bacterial group and species rRNA gene copies in relation to total rRNA gene
copies (relative abundance) was calculated for each individual, and the median
was determined for each subject group. A nonparametric Mann-Whitney U test
was used for pairwise comparison of the subject groups.

Specificity of primers. All primer sets were highly specific
and gave positive results only for the corresponding target
bacteria with the expected product size (Table 2). For the
primer sets developed in this study, primer set Ecol475F/
Ecol652R reacted with E. coli ATCC 11775, E. coli NCTC
9001, Shigella sonnei DUN-198, Shigella flexneri DUN 200, and
Salmonella enterica serovar Typhimurium DUN 217; primer
set Fprau223F/Fprau420R reacted with F. prausnitzii ATCC
27768 and F. prausnitzii NCIMB 13872; primer set Ralb561F/
Ralb807R reacted with R. albus SY3; primer set Cbut825F/
Cbutl038R reacted with C. butyricun NCIMB 7423; and
primer set Cclos99F/Cclos247R reacted with C. clostridiiforme
DUN 120.

Quantitation of bacterial populations in feces. Real-time
PCR showed major differences in the numbers of rRNA gene
copies of various bacterial groups and species in stool samples
from group H, group P, and group PAB participants (Table 3).
A summary of all findings which are described in the following
paragraphs can be found in Table 4. Total 16S rRNA gene
copy numbers were significantly reduced by about one order of
magnitude in both groups P and PAB compared to results for
group H. Only a marginal reduction in total 16S rRNA gene
copies was found in group PAB compared to group P.

Similar observations were made for the Bacteroides-Pre-
votella group (including species of the genera Bacteroides and
Prevotella [2]), which was detected in high numbers in all stool
samples from group H volunteers. However, in approximately
10% of the stool samples from both groups P and PAB, these
organisms could not be detected (the detection limit was 10*
16S rRNA gene copies per gram of wet weight), and the mean
rRNA gene copy numbers were reduced significantly, by al-
most two orders of magnitude, compared to the results for
group H. A nonsignificant reduction in rRNA genes was found
in group PAB compared to group P.
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TABLE 3. Real-time PCR quantitation of 16S rRNA genes in feces of study group participants”

Group H (n = 35)

Group P (n = 38) Group PAB (n = 21)

Prevalence

Prevalence

Mean SD Min M (%) Mean SD Min Max (%) Mean SD Min Max Prevalence (%)
All eubacteria 120 0.1 11.0 129 35(100) 11.1> 0.7 9.4 124 38(100%) 10.8 0.7 9.6 12.0 21 (100)
Bacteroides-Prevotella group 105 0.1 8.6 11.6 35 (100) 88" 1.2 6.6 11.0 33(87%) 8.4 12 69 10.6 19 (90)
Bifidobacterium genus 95 01 7.6 10.7 35(100) 88 1.2 49 104 38(100%) 8.4 1.0 6.4 105 15 (71)
Desulfovibrio genus 84 02 65 99 35(100) 77 12 56 92 36(95%) 7.0 1.1 52 94 15 (71)
Enterobacteriaceae 73 03 50 94 34097 87 13 57 108 35(92%) 7.4 1.9 45 10.6 20 (95)
Faecalibacterium prausnitzii 103 0.1 7.9 11.3 35 (100) 9.4> 0.8 74 10.6 37(97%) 834 1.0 63 102 20 (95)
Clostridium clostridiiforme 102 0.1 9.1 11.0 35(100) 94> 04 83 104 38(100%) 8.8 09 7.1 105 21 (100)
Clostridium butyricum 75 03 59 89 34(097) 72 1.0 52 9.0 37(97%) 644 1.1 47 88 12 (57)
Ruminococcus albus 57 03 42 92 32(91) 52 09 39 89 31(82%) 5294 0.6 43 63 9 (43)
Enterococcus faecalis 53 02 50 57 2(6) 6.8 05 60 78 7(18%) 69 09 54 84 8 (38)

“ Results are expressed as log;, 16S rRNA gene copies (per gram of wet weight). Min, minimum; Max, maximum.

® Indicates a significant difference (P < 0.05) between groups H and P.
¢ Indicates a significant difference (P < 0.05) between groups H and PAB.
@ Indicates a significant difference (P < 0.05) between groups P and PAB.

A significant difference between the group H and P partic-
ipants, who did not take antibiotics, and group PAB was found
with bifidobacteria. Bifidobacteria were detected in only 71%
of group PAB stool samples, and the mean 16S rRNA gene
copy numbers were reduced significantly compared to results
for both groups H and P. Bifidobacterial 16S rRNA genes were
detected in every person in groups H and P, but the highest
numbers were found in group H volunteers. Analogous obser-
vations were made with desulfovibrios. These organisms were
detected in all fecal samples from group H and in 95% of the
stool samples from group P, whose members had lower num-
bers of desulfovibrio-specific 16S rRNA genes. Species belong-
ing to the genus Desulfovibrio were not detected in 29% of the
group PAB patients, and a significant reduction in mean rRNA
gene copy numbers was observed compared to the results for
the other two groups.

Similarly, mean copy numbers of rRNA genes in C. butyri-

cum and R. albus were highest in samples from group H and
decreased slightly in group P. However, the most marked re-
ductions were found in samples from group PAB.

The predominant fecal species F. prausnitzii and C. clostri-
diiforme were found in almost all samples, apart from one stool
sample with no detectable F. prausnitzii found in both group P
and group PAB. 16S rRNA genes of both species were almost
one order of magnitude lower in samples from group P com-
pared to group H, and they were further reduced by almost one
order of magnitude in stool samples from group PAB.

Enterobacteriaceae were detected in almost all fecal samples.
Numbers of rRNA genes belonging to these organisms were
higher in samples from group P, although they were slightly
less prevalent than in samples from groups H and PAB. En-
terococcus faecalis was rarely detected by real-time PCR in
stool samples from group H. These bacteria were found more
often and in higher numbers in groups P and PAB, and a

TABLE 4. Summary of findings on fecal bacteria in groups of hospitalized patients compared to the control group

Shifts observed from control group H to group P

Shifts observed from control group H to group PAB

Organism :
¢ 1S§p;Rrﬁ$t§:rr;e at?u eri?lt;;‘r]lie Prevalence 168 arIiﬁl?:rze copy Relative abundance Prevalence
All eubacteria Significant Not applicable ~ No change  Significant reduction ~ Not applicable No change
reduction
Bacteroides-Prevotella group  Significant Significant Decrease Significant reduction  Significant reduction =~ Decrease
reduction reduction
Bifidobacterium genus Nonsignificant ~ Nonsignificant ~ No change  Significant reduction =~ No change Decrease
reduction increase
Desulfovibrio genus Nonsignificant ~ Nonsignificant ~ No change  Significant reduction  Significant reduction ~ Decrease
reduction increase
Enterobacteriaceae Nonsignificant  Significant No change  No change Significant reduction ~ No change
increase increase
Faecalibacterium prausnitzii Significant No change No change  Significant reduction  Significant reduction =~ No change
reduction
Clostridium clostridiiforme Significant No change No change  Significant reduction  Nonsignificant No change
reduction reduction
Clostridium butyricum No change Significant No change  Significant reduction  Significant reduction =~ Decrease
increase
Ruminococcus albus Nonsignificant ~ No change Decrease Significant reduction  Significant reduction ~ Decrease
reduction
Enterococcus faecalis Nonsignificant  Significant Increase Significant increase Significant increase Increase
increase increase
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FIG. 1. Percentage of 16S rRNA gene copies of the predominant
fecal bacterial groups and species in relation to total bacterial 16S
rRNA gene copies (relative abundance). The percentage was calcu-
lated for each individual, and the median was determined for each
subject group. A nonparametric Mann-Whitney U test was used for
pairwise comparison of the subject groups. Error bars represent the
interquartile range. *, significant difference (P < 0.05) between groups
H and P; §, significant difference (P < 0.05) between groups H and
PAB; £, significant difference (P < 0.05) between groups P and PAB.

further increase in the prevalence of this species was observed
in group PAB.

Relative abundance of rRNA genes in feces. The percentages
of specific rRNA genes were calculated for each individual,
and the median of each subject group was determined to assess
whether reductions in certain bacterial populations were
linked with the decrease in total copy numbers of 16S rRNA
genes in stool samples from groups P and PAB or whether
shifts in relative abundances were occurring. The data revealed
that the reduction in rRNA gene copy numbers of the Bacte-
roides-Prevotella group (Fig. 1) in stool samples from both
group P and group PAB resulted in a significant decrease in
the relative abundance of this population compared to the
results for group H.

In contrast, the reduced numbers in 16S rRNA genes of
other bacteria in samples from group P compared to group H
samples did not lead to a decrease in relative abundance.
Although bifidobacteria were present in the highest numbers
in group H samples, the relative abundance of this genus was
slightly higher in group P. The significant decrease in fecal
bifidobacteria in samples from group PAB also caused a re-
duction in relative abundance. The abundance of desulfovib-
rios was also slightly higher in group P (Fig. 2), despite the
elevated levels of rRNA genes in group H samples. However,
the decline in these organisms in group PAB resulted in a
significant reduction in their relative abundance. Similarly,
mean copy numbers of 16S rRNA genes of F. prausnitzii and C.
clostridiiforme were markedly reduced in the samples from
groups P and PAB, but the abundance of both species was not
significantly different between group P and group H, although
it did decrease in group PAB (Fig. 1). Similar trends were
observed with R. albus (data not shown).

C. butyricum 16S rRNA gene levels were relatively similar in
samples from group H volunteers and groups P and PAB, but
as a result of the reduced total numbers of bacterial 16S TRNA
genes in group P samples, the relative abundance of this spe-
cies increased significantly in these individuals (Fig. 2). How-
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FIG. 2. Percentage of 16S rRNA gene copies of less abundant fecal
bacterial groups and species in relation to total bacterial 16S rRNA
gene copies (relative abundance). The percentage was calculated for
each individual, and the median was determined for each subject
group. A nonparametric Mann-Whitney U test was used for pairwise
comparison of the subject groups. Error bars represent the interquar-
tile range. *, significant difference (P < 0.05) between groups H and P;
§, significant difference (P < 0.05) between groups H and PAB; %,
significant difference (P < 0.05) between groups P and PAB.

ever, a marked reduction in the relative abundance of C. bu-
tyricum in feces from group PAB was observed.

The abundance of Enterobacteriaceae was significantly
higher in stool samples from both groups P and PAB compared
to results for group H, but the percentage of these organisms
was not as high in group PAB as in group P (Fig. 2). The
relative abundance of Enterococcus faecalis in stool samples
increased significantly from group H to group P to group PAB
(data not shown).

DISCUSSION

Changes in intestinal bacterial community structure were
observed among the three groups of elderly participants in this
study. The highest total numbers of bacterial 16S rRNA genes
occurred in stool samples from group H, and significantly
lower numbers of 16S rRNA genes were detected in feces from
groups P and PAB. Colonic transit has a major influence on
large bowel function, and increased transit times are correlated
with reduced fecal bacterial cell mass (42). Due to a lack of
physical exercise and long periods of bed rest (1, 18, 36),
intestinal transit times are often increased significantly in hos-
pitalized patients (36), and this may have been a factor affect-
ing population changes in groups P and PAB. Modified diets
and eating patterns during hospitalization (37) may have also
contributed.

The most marked difference between group H and groups P
and PAB was seen with the Bacteroides-Prevotella group, with
16S rRNA gene copy numbers significantly lower in samples
from groups P and PAB. Even though numbers of all fecal
bacteria were generally reduced for groups P and PAB, the
relative abundance of the Bacteroides-Prevotella group de-
creased over 10-fold in these subjects. Bacteroides are known to
utilize a wide variety of carbon sources, and they account for
the majority of polysaccharide digestion that occurs in the
large intestine (28, 38). Marked reductions in such a nutrition-
ally important bacterial group may have consequences for bac-
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terial metabolism and the complex network of cross-feeding
species that supports the colonic microbiota.

A previous study of culture techniques reported that the
abundance of Bacteroides can be slightly reduced in older peo-
ple compared to young adults but that the most marked re-
ductions occurred in elderly hospitalized patients receiving
antibiotics (20). However, the decrease in the abundance of
the Bacteroides-Prevotella group in the present study correlated
with hospitalization rather than with antibiotic treatment on its
own. Antibiotics differ in their effects on the fecal microbiota
(44), and in the present study, various drugs and drug combi-
nations were given to group PAB. However, amoxicillin and/or
amoxicillin-clavulanic acid were used most frequently, and they
have been reported to have either no significant effect on fecal
Bacteroides (12, 25) or to result in increased Bacteroides counts
).

16S rRNA gene copies of other bacteria that play a role in
carbohydrate breakdown and fermentation in the large intes-
tine, such as bifidobacteria (9), F. prausnitzii (11), C. clostridi-
iforme (40), and R. albus (4), also decreased in stool samples
from groups P and PAB. Reductions in the 16S rRNA gene
copies found in group P samples correlated with the overall
decrease in fecal bacteria, and the relative abundance of these
organisms did not change significantly compared to results for
group H. However, antibiotic therapy resulted in marked re-
ductions in their relative abundance, and the prevalence of
some bacteria was markedly reduced in group PAB stool sam-
ples. It is well established that antibiotics can cause major
disturbances in the ecological balance between host and mi-
croorganism, which can lead to the proliferation of opportu-
nistic invading species or pathogenic strains (44). For example,
overgrowth of enterococci in the large bowel is common in
antimicrobial therapy (44), and, accordingly, Enterococcus fae-
calis was found most frequently in group PAB stool samples.
The reduction in important populations of carbohydrate-fer-
menting species in the large intestine seen in patients in groups
P and PAB could also have major implications for the bacterial
metabolism of the host. For example, F. prausnitzii (11), one of
the most abundant species in the colon, is an important pro-
ducer of butyrate, a major product of carbohydrate fermenta-
tion which is implicated in providing protection against colo-
rectal cancer (3, 39) and ulcerative colitis (5, 6).

Bifidobacteria are regarded as being protective species in
the large intestine, but there are indications that their numbers
decline in older people, while the number of potentially harm-
ful enterobacteria increases (16, 17, 19, 20, 22, 32, 33). Real-
time PCR also demonstrated that bifidobacteria populations
were lower and that enterobacteria populations were higher in
the more frail and older patients in groups P and PAB. In our
study, bifidobacteria were found in 100% of the fecal samples
from groups H and P, in contrast to other studies, where these
bacteria were isolated by using culture techniques and were
found in only 50 to 86% of stool samples obtained from elderly
subjects (16, 20, 32, 33), which highlights one of the advantages
of cultivation-independent approaches in ecological studies of
the large intestine.

However, one drawback of real-time PCR is that 16S rRNA
gene copies cannot be directly converted into cell counts, be-
cause some bacteria can have a number of r7na operons, even
within the same genus. For example, between two to five rrna
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operons have been found in different species belonging to the
genus Bifidobacterium (21). Nevertheless, our results indicated
that group H still had relatively high levels of fecal bifidobac-
teria. Individuals in group H were very health conscious and
were living an active life. According to their statements, 25 out
of 35 did regular exercises such as walking, gardening, dancing,
gymnastics, cycling, or swimming. A similar observation was
made in a previous study, in which a strong reduction in bi-
fidobacteria was observed in a small group of elderly people,
except for a 67-year-old, very health-conscious and fit man who
had very high counts of fecal bifidobacteria, similar to those
found in young adults (19).

Old age is often associated with increased ill health, which is
leading to more frequent admissions to hospitals (13) and,
together with a higher susceptibility to infection, to the in-
creased use of antibiotics. The present study showed that mem-
bers of groups P and PAB had abnormal intestinal microbiotas
compared to members of group H and that antibiotic therapy
contributed to further disturbances in the gut microbiota. Re-
al-time PCR has been shown to provide a good quantitative
tool for monitoring bacterial communities in the large bowel.
This tool is needed to enable the development of therapeutic
strategies, such as the use of pre- and probiotics, which may
help to maintain a normal intestinal microbiota in elderly hos-
pitalized patients and reduce proliferation of pathogenic mi-
croorganisms in the gut.
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