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A healthy intestinal microbiota is considered to be important for priming of the infants’ mucosal and sys-
temic immunity. Breast-fed infants typically have an intestinal microbiota dominated by different Bifidobac-
terium species. It has been described that allergic infants have different levels of specific Bifidobacterium species
than healthy infants. For the accurate quantification of Bifidobacterium adolescentis, Bifidobacterium angulatum,
Bifidobacterium bifidum, Bifidobacterium breve, Bifidobacterium catenulatum, Bifidobacterium dentium, Bifidobac-
terium infantis, and Bifidobacterium longum in fecal samples, duplex 5� nuclease assays were developed. The
assays, targeting rRNA gene intergenic spacer regions, were validated and compared with conventional PCR
and fluorescent in situ hybridization methods. The 5� nuclease assays were subsequently used to determine the
relative amounts of different Bifidobacterium species in fecal samples from infants receiving a standard formula
or a standard formula supplemented with galacto- and fructo-oligosaccharides (OSF). A breast-fed group was
studied in parallel as a reference. The results showed a significant increase in the total amount of fecal
bifidobacteria (54.8% � 9.8% to 73.4% � 4.0%) in infants receiving the prebiotic formula (OSF), with a
diversity of Bifidobacterium species similar to breast-fed infants. The intestinal microbiota of infants who re-
ceived a standard formula seems to resemble a more adult-like distribution of bifidobacteria and contains
relatively more B. catenulatum and B. adolescentis (2.71% � 1.92% and 8.11% � 4.12%, respectively, versus
0.15% � 0.11% and 1.38% � 0.98% for the OSF group). In conclusion, the specific prebiotic infant formula used
induces a fecal microbiota that closely resembles the microbiota of breast-fed infants also at the level of the
different Bifidobacterium species.

Generally, the intestinal microbiota of breast-fed infants is
primarily composed of lactic acid bacteria, like bifidobacteria
and lactobacilli. The microbiota of formula-fed infants is, on
the other hand, more diverse and in general contains more
Bacteroides, Clostridium, and Enterobacteriaceae (3, 13, 18, 23).
The intestinal microbiota may be modified temporarily by nu-
tritional changes in the diet or by the consumption of pro- or
prebiotics (9, 14). Prebiotics are defined as nondigestible food
ingredients that selectively stimulate the growth and/or activity
of one or more bacterial species in the colon and thereby
beneficially affect the host (16). For infant formulas, a specific
mixture of galacto-oligosaccharides (GOS) and fructo-oligo-
saccharides (FOS) has been described that can serve as a
growth factor for bifidobacteria, similar to the human milk
oligosaccharides in breast milk (4, 6, 47). The number of bi-
fidobacteria in infants receiving a formula containing GOS/
FOS was shown to be elevated in comparison to that of infants
receiving a standard formula, but it is unclear whether the
prebiotics stimulate specific Bifidobacterium species (5, 33, 42).
In healthy breast-fed infants, many Bifidobacterium species are
found, with the most dominant species being Bifidobacterium
infantis, Bifidobacterium breve, and Bifidobacterium longum (29,
32). In adults, the total level of bifidobacteria is generally low-

er, and Bifidobacterium adolescentis is one of the more abun-
dant species. Recently, it was shown that the levels of B. ado-
lescentis are also relatively high in allergic infants (19, 21, 37,
39). To test whether GOS/FOS stimulate different Bifidobac-
terium species similar to human milk, it is relevant to quanti-
tatively determine bifidobacteria at the species level. For this
purpose, species-specific duplex 5� nuclease assays (quantita-
tive real-time PCR) were developed.

Currently, Bifidobacterium species-specific PCR and a Bi-
fidobacterium species PCR–enzyme-linked immunosorbent as-
say are mainly used to semiquantify Bifidobacterium species.
These methods use the plateau phase of the PCR (11, 15, 29,
32, 40), and such determinations have important limitations,
like diminishing effects of differences in PCR product abun-
dance and a constant maximum level of PCR products with
varying amounts of starting DNA (30, 34, 38). The assumption
that a higher level of PCR product in the plateau phase means
the presence of a higher initial amount of DNA is not always
valid, for example, when the different amplification efficiencies
are not the same (28). The formation of species-specific am-
plicons during the PCR can also be followed by using DNA
binding dyes like SYBR green (31, 45). The major disadvan-
tages of this method are that nonspecific PCR products will
also be detected and that only one specific reaction can be
quantified (8).

In this study, duplex 5� nuclease assays targeted at the in-
tergenic spacer of the 16S-23S rRNA genes were developed
for Bifidobacterium adolescentis, Bifidobacterium angulatum,
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Bifidobacterium bifidum, Bifidobacterium breve, Bifidobacte-
rium catenulatum, Bifidobacterium dentium, Bifidobacterium
longum, and Bifidobacterium infantis. The assays are based on
the addition of a TaqMan probe to conventional PCR (20),
which makes it possible to follow the complete PCR process
and overcome the limitations correlated with detection in the
plateau phase of PCR. Furthermore, a high specificity is ac-
complished by the use of specific primers and probes instead of
SYBR green.

These newly developed assays were used to study the differ-
ent Bifidobacterium species in breast-fed (BF) infants and in-
fants receiving a standard formula (SF) or a standard formula
supplemented with a specific prebiotic GOS/FOS mixture
(OSF).

MATERIALS AND METHODS

Study design and sample collection. The study was a double blind, placebo-
controlled multicenter trial with two intervention groups (24). Fully formula-fed
term infants, aged 28 to 90 days, were recruited from four hospitals in Germany.
After enrollment, the infants were randomly allocated to one of two formula
groups: a group that received an infant formula supplemented with 0.8 g/100 ml
GOS/FOS in a 9 to 1 ratio (OSF group) and a group that received a standard
infant formula (SF group). A group of exclusively breast-fed infants was studied
in parallel and used as a reference (BF group). Within 2 days after study
enrollment and at the end of the study period (6 weeks), fecal samples were
collected and frozen at �20°C (for details of the study, see reference 24). For the
present analyses, fecal samples from 10 infants were randomly selected from
each study group and analyzed to determine the levels of the different Bifidobac-
terium species.

Bacterial strains and culture conditions. The bacterial strains used to design
and validate the assays for the relative quantification of the different Bifidobac-
terium species are listed in Table 1.

All bifidobacteria, lactobacilli, propionibacteria, Saccharomyces, enterococci,
and pediococci strains were cultured in Mann Rogosa Sharp (MRS) broth
(Oxoid, Basingstoke, United Kingdom) at 37°C under anaerobic conditions.

Gut commensals and pathogens, like Bacteroides fragilis and Pseudomonas
aeruginosa, were cultured in brain heart infusion broth (Oxoid, Basingstoke,
United Kingdom) at 37°C, and Bacillus cereus, Brevibacterium casei, and Listeria
monocytogenes were cultured at 30°C. Overnight cultures were stored at �20°C
until further processing.Gardnerella vaginalis was cultured on Columbia blood
agar base (Oxoid, Basingstoke, United Kingdom) supplemented with 5% defi-
brinated rabbit blood (BioTrading Benelux BV, Mijdrecht, The Netherlands)
and Gardnerella vaginalis selective supplement (Oxoid, Basingstoke, United
Kingdom) in a microaerophilic environment at 37°C. Cells were swabbed from
the plate, resuspended in 1 ml of sterile water, and stored at �20°C until further
processing.

DNA extraction. For DNA extraction, the frozen cultures were thawed in ice
water. Cells were harvested at 4°C (20 min at 3,500 � g) and washed with 1 ml
of TES (50 mM Tris-HCl [pH 8.0], 5 mM EDTA, 50 mM NaCl). Cell pellets were
resuspended in 1 ml of THMS (30 mM Tris-HCl [pH 8.0], 3 mM MgCl2, 25%
[wt/vol] sucrose) and treated enzymatically as described previously (46). After
phenol-chloroform extraction, the DNA samples were treated with 25 �g/ml
RNase A (Roche Diagnostics, Mannheim, Germany) for 30 min at 37°C, pre-
cipitated, resuspended in 100 �l milli-Q, and stored at �20°C.

DNA was isolated from feces by thawing 1 ml of homogenized feces in ice
water, followed by centrifugation for 1 min at 1,000 � g to remove debris and
large particles. Supernatants were transferred to a new tube and centrifuged for
5 min at 10,000 � g. Pellets were resuspended in 1 ml of TN150 (10 mM Tris-HCl
[pH 8.0], 10 mM EDTA) and transferred to sterile tubes containing 0.3 g of
zirconium beads (diameter, 0.1 mm; BioSpec Products). To these suspensions,
150 �l of TE-buffered phenol (pH 7.5) was added and the samples were placed
in a mini-bead beater (BioSpec Products) for 3 min at 5,000 rpm. After cooling
on ice and phenol-chloroform extraction, the DNA was precipitated and resus-
pended in 100 �l milli-Q and stored at �20°C (46).

Species-specific qualitative PCR analysis. PCRs were carried out on a PTC-
200 Peltier Thermal Cycler (Biozym, Landgraaf, The Netherlands) as described
previously (32). Amplification products were checked by agarose gel electro-
phoresis and ethidium bromide staining.

Species-specific quantitative real-time PCR. To develop primers and probes
for the 5� nuclease assays, sequences of the 16S-23S intergenic spacer region of

the different Bifidobacterium species were retrieved from the GenBank, EMBL,
and DDBJ databases. Accession numbers are as follows: B. adolescentis, U09511
(26), U09512 (26), U09513 (26), and U09514 (26); B. angulatum, U09515 (26);
Bifidobacterium animalis, AY225132 (44), L36967 (26), and U09858 (26); B.
asteroides, U09516 (26); B. breve, AJ245850 (7), U09518 (26), U09519 (26),
U09520 (26), and U09521 (26); B. bifidum, U09517 (26) and U09831 (26); B.
catenulatum, U09522 (26); B. choerinum, L36968 (26); B. coryneforme, U09523
(26); B. cuniculi, U09790 (26); B. dentium, U10434 (26); B. indicum, U09791
(26); B. infantis, AJ245851 (7), U09525 (26), U09527 (26), and U09792 (26); B.
longum, AJ245849 (7) and U09832 (26); B. pseudolongum, U09524 (26) and
U09879 (26); B. magnum, U09878 (26); B. thermophilum, U09528 (26). All
retrieved sequences were aligned using DNASIS for Windows v2.5 (Hitachi
Software Engineering Co., Ltd., Wembley, United Kingdom), and the overall
conserved regions of these sequences were used to design primers and probes for

TABLE 1. Bacterial strains used in this study

Organism Straina

Bifidobacterium strains
B. adolescentis..................................................................ATCC 15703T

ATCC 15705
B. angulatum....................................................................DSM 20098T

B. animalis .......................................................................ATCC 25527T

DSM 10140
B. bifidum.........................................................................DSM 20456T

NCIMB 8810
B. boum ............................................................................ATCC 27917T

B. breve .............................................................................ATCC 15700T

DSM 20091
LMG 11613

B. catenulatum.................................................................ATCC 27539T

ATCC 27675
B. dentium........................................................................ATCC 27534T

B. gallicum .......................................................................DSM 20093T

B. gallinarum....................................................................ATCC 33777T

B. infantis .........................................................................LMG 8811T

B. inopinatum ..................................................................DSM 10107T

B. longum .........................................................................ATCC 15707T

B. magnum.......................................................................ATCC 27540T

B. pseudocatenulatum .....................................................DSM 20438T

B. pseudolongum .............................................................ATCC 25526T

B. suis ...............................................................................ATCC 27533T

Other strains
Bacillus cereus..................................................................ATCC 11778
Bacteroides fragilis ...........................................................LMG 10263T

Brevibacterium casei ........................................................ATCC 35513T

Clostridium difficile..........................................................ATCC 9689T

Enterococcus faecalis.......................................................DSM 20478T

Escherichia coli ................................................................ATCC 35218
Gardnerella vaginalis .......................................................ATCC 14018T

Lactobacillus acidophilus................................................ATCC 4356T

Lactobacillus brevis .........................................................LMG 18022
Lactobacillus bulgaricus ..................................................ATCC 11842T

Lactobacillus casei...........................................................ATCC 393T

DSM 20011T

Lactobacillus fermentum.................................................DSM 20052T

Lactobacillus plantarum..................................................DSM 20174T

Lactobacillus reuteri ........................................................LMG 9213T

Lactobacillus rhamnosus.................................................ATCC 53103
Listeria monocytogenes....................................................ATCC 7644
Pediococcus acidilactici...................................................DSM 20284T

Propionibacterium avidum ..............................................DSM 4901
Pseudomonas aeruginosa ................................................DSM 1117
Saccharomyces cerevisiae ................................................DSM 2548
Salmonella enterica Typhimurium.................................ATCC 14028
Staphylococcus aureus .....................................................ATCC 29213

a ATCC, American Type Culture Collection; DSM, Deutsche Sammlung von
Mikroorganismen und Zellkulturen, Germany; LMG, Laboratory for Microbi-
ology, University of Gent, Belgium; NCIMB, National Collections of Industrial
and Marine Bacteria, United Kingdom.

VOL. 71, 2005 FECAL BIFIDOBACTERIA IN INFANTS RECEIVING PREBIOTICS 2319



the detection of the Bifidobacterium genus. To increase the specificity (and the
sensitivity) of the assays, TaqMan minor groove binding probes were used.
Species-specific sequences were used to design primers and probes for B. ado-
lescentis, B. angulatum, B. breve, B. bifidum, B. catenulatum, B. dentium, B. in-
fantis, and B. longum (including B. pseudolongum due to a high similarity between
the species).

The primers and probes were designed with the help of Primer Express 1.5a
(Applied Biosystems, Nieuwerkerk a/d IJssel, The Netherlands). All primers and
probes have a GC content of 30 to 80% and do not contain three or more
successive identical nucleotides. The melting temperature of the probe was
between 68°C and 70°C, whereas the primers had a melting temperature 10°C
below the melting temperature of the probe. Furthermore, the probes have no G
at the 5� end and the strand with more C than G bases was selected for probe
design. The developed primers do not contain more than two G and/or C bases
in the 5 nucleotides at the 3� end, and the PCR amplicons have a maximum
length of 150 base pairs. All primers and probes were tested for specificity using
the Basic Local Alignment Search Tool (BLAST) (1).

The oligonucleotide probe designed for the detection of the genus Bifidobac-
terium is labeled with the 5� reporter dye VIC and the 3� quencher NFQ-MGB
(Applied Biosystems, Nieuwerkerk a/d IJssel, The Netherlands). The different
bifidobacterial species are detected with oligonucleotide probes labeled with the
5� reporter dye 6-carboxyfluorescein and the 3� quencher NFQ-MGB (Applied
Biosystems, Nieuwerkerk a/d IJssel, The Netherlands).

An already described universal probe and primer set was used for the deter-
mination of the total bacterial load (35). The universal probe is labeled with the
5� reporter dye 6-carboxyfluorescein and the 3� quencher dye 6-carboxytetra-
methyl-rhodamine.

All primer and probe concentrations for performing duplex 5� nuclease assays
were optimized, which is necessary due to potential competition between the
primers and the probes. The specificities of the optimized duplex 5� nuclease
assays were tested using the strains listed in Table 1. The assays were performed
with a 25-�l PCR amplification mixture containing 12.5 �l TaqMan universal
master mix (Applied Biosystems, Nieuwerkerk a/d IJssel, The Netherlands),
optimized concentrations of the primers and probes, and 2.5 �l DNA isolated
from the bacterial strains. The temperature profile for the amplification con-

sisted of 2 min at 50°C and 10 min at 95°C, followed by 45 cycles of 15 s at 95°C
and 1 min at 60°C (ABI Prism 7700; Applied Biosystems, Nieuwerkerk a/d IJssel,
The Netherlands). The sensitivity of these duplex 5� nuclease assays was com-
pared to that of conventional PCR by testing dilution series of specific monocul-
tures with both techniques. For the detection limit of the assay in CFU per
milliliter, monocultures were also plated on MRS agar and incubated anaerobi-
cally for 24 h at 37°C.

The relative amount of the different Bifidobacterium species was calculated
according to the method of Liu and Saint (27). The efficiency of each amplifi-
cation curve was calculated separately and used to determine the initial amount
of DNA. Finally, the obtained ratios between the initial amounts of DNA were
normalized against a monoculture of the same species, which was set at 100%.

The coefficients of variation (CV) within each duplex 5� nuclease assay were
determined by testing DNA isolated from feces spiked with a monoculture. This
was performed 10 times for determination of the reproducibility and three times
in quadruplicate for repeatability.

FISH. The total number of bacteria and the percentage of bifidobacteria were
determined by fluorescence in situ hybridization (FISH) as described previously,
with some slight modifications (18, 25). Stool samples were thawed in ice water,
diluted 10� (wt/vol) in phosphate-buffered saline (PBS; pH 7.4), and homoge-
nized for 10 min using a stomacher (IUL Instruments, Barcelona, Spain). Ali-
quots with 1 ml of fecal sample were fixed overnight at 4°C with 3 ml freshly
prepared 4% (wt/vol) paraformaldehyde in PBS. Samples were stored at �20°C
until further processing.

To each separate well of a gelatin-coated object slide (8 square-shaped wells
[1 cm2/well]; CBN labsuppliers, Drachten, The Netherlands), 10 �l of the fixed
stool samples was applied. Slides were air dried and subsequently dehydrated in
96% ethanol for 10 min. Hybridization was performed overnight in a dark moist
chamber at 50°C with 10 ng/�l of the Cy3-labeled Bifidobacterium-specific 16S
rRNA gene-targeted oligonucleotide probe (Bif164, CATCCGGCATTACCA
CCC) in preheated (50°C) hybridization buffer (20 mM Tris-HCl, 0.9 M NaCl,
0.1% sodium dodecyl sulfate [pH 7.2]). After hybridization, the samples were
washed for 30 min in 50 ml preheated washing buffer (20 mM Tris-HCl, 0.9 M
NaCl [pH 7.2]) and shortly rinsed in milli-Q. Samples were incubated with 0.25
ng/�l 4�,6-diamidino-2-phenylindole (DAPI) in PBS for 5 min at room temper-

TABLE 2. Primers and probes used in the duplex 5� nuclease assays

Target Primer or
probe Sequence (5� 3 3�) Tm (°C) % GC BLAST identification no.

or reference
Amplicon

length (bp)

B. adolescentis F_adol_IS ATA GTG GAC GCG AGC AAG AGA 59 52 1015335678-6465-18906 71
R_adol_IS TTG AAG AGT TTG GCG AAA TCG 59 43 1015335740-7519-1624
P_adol_IS CTG AAA GAA CGT TTC TTT TTa 69 30 1015335863-95222-17207

B. angulatum F_angul_IS TGG TGG TTT GAG AAC TGG ATA GTG 59 46 1015336044-12581-14600 117
R_angul_IS TCG ACG AAC AAC AAT AAA CAA AAC A 59 32 1015336147-14351-29932
P_angul_IS AAG GCC AAA GCC TC 70 57 1015488648-5575-2104

B. bifidum F_bif_IS GTT GAT TTC GCC GGA CTC TTC 60 52 1015336612-215666-12828 105
R_bif_IS GCA AGC CTA TCG CGC AAA 60 56 1015336668-22451-30731
P_bif_IS AAC TCC GCT GGC AAC A 70 56 1015336773-24053-3416

B. breve F_breve_IS GTG GTG GCT TGA GAA CTG GAT AG 59 52 1015243936-11550-20833 118
R_breve_IS CAA AAC GAT CGA AAC AAA CAC TAA A 58 32 1015244110-13595-29514
P_breve_IS TGA TTC CTC GTT CTT GCT GT 69 45 1015244238-15062-16853

B. catenulatum F_cate_IS GTG GAC GCG AGC AAT GC 58 65 1015335268-99-20718 67
R_cate_IS AAT AGA GCC TGG CGA AAT CG 58 50 1015335364-1571-12175
P_cate_IS AAG CAA ACG ATG ACA TCA 68 39 1015335455-2899-17859

B. dentium F_dent_IS CCG CCA CCC ACA GTC T 59 71 1015399643-15856-19947 150
R_dent_IS AGC AAA GGG AAA CAC CAT GTT T 59 41 1015399751-16991-11210
P_dent_IS ACG CGT CCA ACG GA 70 64 1015399833-18158-5198

B. infantis F_inf_IS CGC GAG CAA AAC AAT GGT Ta 58 47 1037961234-06371-14364 76
R_inf_IS AAC GAT CGA AAC GAA CAA TAG AGT T 58 36 1037961263-06691-25461
P_inf_IS TTC GAA ATC AAC AGC AAA Aa 69 32 1037961294-06967-17477

B. longum F_long_IS TGG AAG ACG TCG TTG GCT TT 59 50 1015323391-27595-22257 109
R_long_IS ATC GCG CCA GGC AAA Aa 58 56 1015323469-28673-23147
P_long_IS CGC ACC CAC CGC A 68 77 1015488566-4529-13934

All bifidobacteria F_allbif_IS GGG ATG CTG GTG TGG AAG AGA 60 57 1015399960-19603-31240 231a

R_allbif_IS TGC TCG CGT CCA CTA TCC AGT 60 57 1015400076-20827-17418
P_allbif_IS TCA AAC CAC CAC GCG CCA 70 61 1015400166-21749-18424

All bacteria F_eub TCC TAC GGG AGG CAG CAG T 59 Reference 35 466a

R_eub GGA CTA CCA GGG TAT CTA ATC CTG TT 58
P_eub CGT ATT ACC GCG GCT GCT GGC AC 70

a In these cases, concessions to the probe and primer design had to be made (more than three consecutive nucleotides are the same or amplicon length is greater
then 150 bp).
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ature. After DAPI staining, the samples were briefly rinsed in milli-Q, dried, and
mounted with Vectashield (Vector Laboratories).

Samples were analyzed using an Olympus AX70 epifluorescence microscope
equipped with an F-View II charge-coupled device 12-bit high-resolution mono-
chrome camera (Soft Imaging System GmbH, Münster, Germany). The percent-
age of bifidobacteria was determined at 25 randomly chosen positions on each
well by counting all cells using a DAPI filter set (SP100; Chroma Technology
Corp.) and by counting the bifidobacteria by using a Cy3 filter set (41007;
Chroma Technology Corp.).

Data analyses. For statistical analysis of the results, the software package SPSS
for Windows (version 12.0.1; SPSS, Inc.) was used. All values were checked for
normality by visual inspection of the normal probability plots. Differences in the
percentage of Bifidobacterium species between the start and end of the interven-
tion period as well as differences between the breast- and/or formula-fed groups
were tested with paired-sample t tests. If the P value was �0.05, the difference
was considered statistically significant. Although statistical analyses were per-
formed to compare the breast-fed group with the formula groups, it has to be
kept in mind that it is not possible to double-blindly assign subjects to a breast-
fed group, and consequently, no complete randomization was obtained.

RESULTS

Species-specific quantitative real-time PCR. The sequences
of the designed primers and probes for the duplex 5� nuclease
assays are given in Table 2, and the optimized concentrations
of the primers and probes are shown in Table 3.

All of the duplex 5� nuclease assays were specific for the
Bifidobacterium species for which they were developed, except
the assay for B. catenulatum, which also detects Bifidobacte-
rium pseudocatenulatum. The 5� nuclease assay for detection of
the genus Bifidobacterium detected all Bifidobacterium species
tested and was negative for all other species like Propionibac-
terium spp., Gardnerella spp., or Lactobacillus spp. To further
test the specificity, fecal samples were plated on MRS and
DNA extracted from the different colonies was tested in the
different duplex nuclease assays. For all 23 of the colonies that
were positive in the duplex nuclease assays, the identity could
be confirmed by double-stranded 16S rRNA gene sequencing.

Samples treated with RNase gave the same amplification
plots as untreated samples, indicating that contaminating RNA
does not disturb the assays. Samples treated with DNase did
not give any amplification products, as expected. The CV val-

ues for reproducibility and repeatability of the different assays
are shown in Table 4.

To test competition between the different Bifidobacterium
species, a random mix of B. adolescentis, B. angulatum, B. breve,
B. bifidum, B. catenulatum, B. dentium, B. infantis, and B. lon-
gum monocultures was prepared and tested with the different
assays. The sum of the different species adds up to almost
100%, indicating that the different assays do not interfere
(Fig. 1).

Comparison with conventional techniques. The duplex 5�
nuclease assays were compared with conventional PCR meth-
ods to determine the sensitivity of the assays and to check for
false positives or false negatives. Overall, the 5� nuclease assays
were at least 100-fold more sensitive than the conventional
PCR assays, and samples positive in the conventional PCR
were always positive in the 5� nuclease assays.

Dilution series of the different monocultures were enumer-
ated by conventional plating techniques and with the duplex 5�
nuclease assays, and the detection limit of the nuclease assays
was found to be around 0.15 CFU/ml.

There are no statistically significant differences in the per-
centages of bifidobacteria determined by previously described
FISH methods or by the newly developed quantitative real-
time PCR assays (Fig. 2).

FIG. 1. Relative quantification of a mix of 8 different bifidobacte-
rial cultures. “Total” indicates the sum of the different species
(98.64% � 1.67%). Bars represent standard errors.

TABLE 3. Optimized primer and probe concentrations for
the duplex 5� nuclease assays

Target 5� Nuclease
assay

Concn (nM) of:

Forward
primer

Reverse
primer Probe

B. adolescentis B. adolescentis 300 150 100
All bifidobacteria 300 600 100

B. angulatum B. angulatum 900 900 200
All bifidobacteria 300 300 50

B. bifidum B. bifidum 600 600 200
All bifidobacteria 300 300 100

B. breve B. breve 300 300 100
All bifidobacteria 450 450 150

B. catenulatum B. catenulatum 300 300 100
All bifidobacteria 600 600 100

B. dentium B. dentium 900 900 200
All bifidobacteria 300 300 50

B. infantis B. infantis 300 300 100
All bifidobacteria 900 900 100

B. longum B. longum 300 300 100
All bifidobacteria 600 600 200

All bifidobacteria All bifidobacteria 450 450 100
All bacteria 900 900 200

TABLE 4. Coefficients of variation for reproducibility and
repeatability of duplex 5� nuclease assays

Target
CV for:

Reproducibility Repeatability

B. adolescentis 0.051 0.056
B. angulatum 0.195 0.209
B. bifidum 0.117 0.112
B. breve 0.021 0.041
B. catenulatum 0.094 0.148
B. dentium 0.127 0.114
B. infantis 0.023 0.023
B. longum 0.091 0.082
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Bifidobacteria in fecal samples from the intervention study.
The developed 5� nuclease assays were used to determine the
levels of the different Bifidobacterium species in fecal samples
of BF infants and infants receiving SF or OSF.

The number of bifidobacteria as a percentage of the total
bacteria is shown in Fig. 2. At the study start, the percentages
of bifidobacteria in the BF, OSF, and SF groups were not sta-
tistically different (63.3% � 7.7%, 54.8% � 9.8%, and 48.0% �
6.9%, respectively). At the study end, after a 6-week interven-
tion period, the percentages of bifidobacteria in the BF group
(90.0% � 3.6%; P � 0.015) and OSF group (73.4% � 4.0%; P �
0.047) were significantly higher than in the SF group (53.4% �
7.9%). Furthermore, there was a significant increase of the per-
centage of bifidobacteria during the study period in the OSF
group (54.8% � 9.8% versus 73.4% � 4.0% [P � 0.041]).

The percentages of the different Bifidobacterium species are
given in Table 5. A large variety of Bifidobacterium species
is present in all fecal samples of all infants in the BF, SF,
and OSF groups. At the start of the study, the most domi-
nant species in all groups was B. infantis, followed by B. breve

and B. longum. For infants in the BF and OSF groups, the
percentages of these species were relatively constant, whereas
infants in the SF group showed a significant decrease in the
percentage of B. breve during the study period from 10.70% �
2.65% to 3.94% � 3.42% (P � 0.017).

The numbers of the different bifidobacterium species per
gram (wet weight) of feces were determined from the total
bacterial count as determined by FISH, and the relative per-
centages are given in Table 5. The numbers of B. adolescentis
and B. catenulatum per gram (wet weight) of feces are shown
in Fig. 3. The BF group showed a significant decrease of
B. adolescentis during the intervention period (1.79E08 �
5.58E07 versus 2.53E07 � 2.39E07 per gram [wet weight] of
feces [P � 0.017]). A significant decrease was also found for
B. adolescentis in the OSF group (2.62E08 � 1.02E08 versus
1.49E07 � 1.21E07 bacteria per gram [wet weight] of feces
[P � 0.040]) but not in the SF group. The SF group, on the
other hand, showed a significant increase of B. catenulatum
(1.13E08 � 6.79E07 versus 4.94E08 � 2.02E08 bacteria per

FIG. 2. Bifidobacteria as percentage of total bacterial load deter-
mined by FISH and real-time PCR (qPCR) in fecal samples of BF
infants and infants who received SF or OSF. Bars represent standard
errors. @, significant difference (P � 0.05) between the BF and SF
groups; *, significant difference (P � 0.05) between the OSF and SF
groups; #, significant increase (P � 0.05) during the study period.

FIG. 3. B. adolescentis and B. catenulatum counts, as determined
with a combination of FISH and the duplex 5� nuclease assays, in feces
of BF infants and infants who received OSF or SF. Bars represent stan-
dard errors. *, significant difference (P � 0.05) during the study period.

TABLE 5. Bifidobacterium species as percentages of total bifidobacterial load in fecal samples of infants receiving BF, SF, or
OSF as determined by different duplex 5� nuclease assays

Organism

% (SE) of total bifidobacterial load in fecal samples of infants by feeding regimen at:

Start of study (n � 10) End of study (n � 10)

BF OSF SF BF OSF SF

B. adolescentis 3.70 (0.85)a 3.42 (1.17)a 3.24 (2.65) 0.30 (0.29)a 0.15 (0.11)a 2.71 (1.92)
B. angulatum 0.80 (0.50) 0.54 (0.30) 0.30 (0.23) 1.00 (1.00) 0.07 (0.07) �0.00 (0.00)
B. bifidum 0.04 (0.04) 0.40 (0.28) 0.02 (0.02) �0.00 (0.00) �0.00 (0.00) �0.00 (0.01)
B. breve 13.05 (3.23) 11.27 (3.67) 10.70 (2.65)a 11.74 (3.04) 6.44 (2.96) 3.94 (3.42)a

B. catenulatum 1.82 (0.89) 2.27 (1.52) 2.14 (0.96) 1.90 (0.61)b 1.38 (0.98)c 8.11 (4.12)b,c

B. dentium �0.00 (0.00) �0.00 (0.00) �0.00 (0.00) �0.00 (0.00) �0.00 (0.00) �0.00 (0.00)
B. infantis 24.17 (5.42) 26.30 (5.17) 23.34 (3.95) 32.03 (5.97) 32.41 (6.44) 33.95 (6.35)
B. longum 6.21 (2.72) 7.67 (4.90) 6.54 (4.21) 7.34 (4.38) 5.25 (3.40) 5.94 (3.05)
All others 50.21 (17.08) 48.13 (18.22) 53.74 (16.83) 45.69 (15.29) 54.3 (13.96) 45.35 (18.87)

a Significant decrease (P � 0.05) during the study period.
b Significant difference (P � 0.05) between the BF and SF groups.
c Significant difference (P � 0.05) between the OSF and SF groups.
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gram [wet weight] of feces [P � 0.048]), which was not
observed in the OSF and BF groups.

DISCUSSION

To study the distribution of Bifidobacterium species in the
fecal samples from infants, duplex 5� nuclease assays were
designed, optimized, and validated. With these newly devel-
oped assays, it could be demonstrated that the Bifidobacterium
species in infants receiving OSF closely resembles the Bifido-
bacterium species in breast-fed infants. Infants receiving SF
showed a somewhat different pattern of Bifidobacterium spe-
cies, containing relatively high levels of B. adolescentis and
B. catenulatum and lower levels of B. breve.

Species-specific quantitative real-time PCR. The high sen-
sitivity and specificity of 5� nuclease assays makes it possible to
accurately quantify small amounts of bacterial species in fecal
samples. These assays with specific primers and probes are
therefore more suitable for the study of the intestinal micro-
biota than the SYBR green methods. The 5� nuclease assays
were developed using the 16S-23S rRNA gene intergenic spac-
er region sequences instead of the 16S rRNA gene sequences,
which are often used for the phylogenetic analyses and specific
detection of bacteria. Due to the high similarities of the bi-
fidobacterial 16S rRNA gene sequences, it is not feasible to
develop highly specific primer and probe sets for the different
species based on these genes (26). The intergenic spacer of the
16S-23S rRNA gene can be used for a more detailed analysis of
Bifidobacterium species because sequences are less conserved
than the 16S rRNA gene sequence (36).

The choice for the intergenic spacer was also determined
by the fact that contamination and sensitivity issues were de-
scribed for quantitative real-time PCR when the 16S rRNA
gene was used (10). The presence of 16S rRNA gene contam-
ination of Escherichia coli in the recombinant Taq DNA poly-
merase, as reported by Corless et al. (10), can lead to false-
positive results. The eubacterial 5� nuclease assay described by
Nadkarni et al. (35) and used in this study is also targeted at
the 16S rRNA gene, but when determining the total bacterial
load, the target DNA is highly abundant and the contaminating
DNA does not interfere with the assays.

The determined CV values (0.02 to 0.21) for the different
species-specific duplex 5� nuclease assays lie within the range
of CV values (0.09 to 0.28) obtained with the FISH technique
(12, 17) for determinations at the genus level. Data regarding
CV values for determination of bacterium levels in the feces
with quantitative real-time PCR have not been reported so far,
and a comparison can therefore not be made. The two inde-
pendent techniques, FISH and real-time PCR, gave very sim-
ilar results for the levels of fecal bifidobacteria. For FISH,
fluorescent-labeled whole bacterial cells are counted in a mi-
croscopic field, whereas the 5� nuclease assay is based on a
PCR targeted to isolated chromosomal DNA. The correspon-
dence of the results obtained with both methods demonstrates
the power of these techniques for the enumeration of bacteria
at the genus level.

A multicolor FISH method for the analysis of seven Bifido-
bacterium species has been published recently (43). With this
method, it is possible to determine semiquantitatively the pres-
ence of highly abundant Bifidobacterium species, which are

present in fecal samples, with the help of relative fluorescent
intensities. However, quantitative real-time PCR is more sen-
sitive then FISH and allows the quantification of less-abundant
groups of bacteria.

Bifidobacteria in fecal samples from the intervention study.
The relative quantification of the total percentage of bifidobac-
teria with real-time PCR showed an increase in fecal samples
from infants receiving a formula supplemented with GOS/FOS
in contrast to infants receiving a standard formula. The data
obtained with this newly developed method support earlier
studies in which GOS/FOS were shown to stimulate bifidobac-
teria (5, 24, 33, 42).

Fecal samples from infants receiving a standard formula
supplemented with GOS/FOS showed a large variety of Bifido-
bacterium species, with a profile very similar to that of breast-
fed infants. The levels of the different species show that this
specific mixture of GOS/FOS does not selectively stimulate
one particular species to dominate the intestinal microbiota.
However, in each feeding group, there is still a significant pro-
portion of bifidobacteria that cannot be detected with the probes
and primers used (	45 to 50%), indicating that there are prob-
ably still other Bifidobacterium species present in these samples.

During the whole study period, B. infantis, B. breve, and
B. longum were detected as the predominant species in the
GOS/FOS and breast-fed groups. These same species were
also reported by Matsuki et al. (32), Malinen et al. (29), and
Kleessen et al. (23) to be dominant in the feces of breast-fed
infants. At the end of the intervention period, the Bifidobac-
terium species profile of infants receiving a standard formula
supplemented with GOS/FOS closely resembled the profile of
breast-fed infants. The infants receiving a standard formula
have lower levels of B. breve and higher levels of B. catenulatum
and B. adolescentis. The latter two are more common in adult
feces, indicating that a standard infant formula gives a more
adult-like microbiota at the level of Bifidobacterium species
(19, 32, 37).

At the start of the intervention period, the levels of
B. adolescentis are relatively high in all groups but decrease
significantly during the study in the breast-fed infants and in
infants receiving the GOS/FOS formula. In infants receiving a
standard formula, these levels remained constant. It has been
reported before by Kalliomaki and Isolauri (21), He et al. (19),
and Ouwehand et al. (37) that B. adolescentis is not a dominant
species in breast-fed infants. All infants are probably colonized
with B. adolescentis from the mother, but the prebiotic sub-
stances change the levels of Bifidobacterium species to give a
pattern that is common for breast-fed infants.

Bifidobacteria are considered to be important for a well-
balanced intestinal microbiota (2), and it has been postulated
that bifidobacteria can have several health-promoting effects.
This includes the prevention of diarrhea and intestinal infec-
tions (41) but also maturation of the immune system. Specific
bifidobacteria, for example, were shown to have effects on the
symptoms of atopic eczema and allergy (19, 21, 22, 37, 39).
Several papers have reported differences in the levels of Bi-
fidobacterium species between allergic and nonallergic infants,
with a more adult-like microbiota in allergic infants (19, 21,
37). This might indicate that the specific prebiotic GOS/FOS
mixture used in this study can have implications for the im-
mune development of infants by changing the intestinal micro-
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biota at the Bifidobacterium species level. To test whether these
prebiotics can have a preventive effect on the incidence of
allergy and atopy, larger, well-designed, clinical trails need to
be performed.
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