
Prebiotic Oligosaccharides: Comparative Evaluation Using In Vitro
Cultures of Infants’ Fecal Microbiomes

J. Stiverson,a T. Williams,a,b J. Chen,a S. Adams,a D. Hustead,b P. Price,b J. Guerrieri,c J. Deacon,c Z. Yua

Department of Animal Sciences, The Ohio State University, Columbus, Ohio, USAa; Abbott Nutrition, Columbus, Ohio, USAb; Institute of Clinical Research, Mayfield
Heights, Ohio, USAc

The objective of this study was to systematically assess the bifidogenic effect of three commonly used prebiotic products using in
vitro cultures of infant fecal samples. Fresh stool samples collected from six term infants, each exclusively fed human milk (n �
3) or infant formula (n � 3), at 28 days of age were used as inocula. The following prebiotic products were added at concentra-
tions applicable to infant formula: Vivinal GOS 15 (containing 28.5% galacto-oligosaccharide [GOS]) at 7.2 g/liter, Beneo HP
(99.5% long-chain inulin [IN]) at 0.8 g/liter, Beneo Synergy 1 (enriched oligofructose and inulin [OF-IN]) at 4 g/liter, and a com-
bination of Vivinal GOS 15 (7.2 g/liter) and Beneo HP (0.8 g/liter) (GOS-IN). The growth of total bacteria, Bifidobacterium, Bac-
teroides, Bifidobacterium longum, and Escherichia coli was quantified using specific quantitative PCR (qPCR). Bifidobacterium
was also enumerated on selective Beerens agar plates, with representative colonies identified by sequencing of their 16S rRNA
genes. Volatile fatty acids (VFA) and pH in the cultures were also determined. Irrespective of the feeding methods, the GOS
product, either alone or in combination with Beneo HP, resulted in substantially higher growth of total bifidobacteria, and much
of this growth was attributed to growth of B. longum. Beneo Synergy 1 also increased the abundance of total bifidobacteria and
B. longum. Corresponding to the increases in these two bacterial groups, acetic acid concentrations were higher, while there was
a trend of lower E. coli levels and pH. The lower pH and higher acetic acid concentration might be directly responsible for the
lower E. coli population. At the concentrations studied, the GOS product was more bifidogenic and potent in inhibiting E. coli
than the other products tested. These results suggest that supplementation of infant formula with GOS may increase intestinal
bifidobacteria and benefit infant health.

It is generally accepted that human milk-fed infants and formula-
fed infants can have different gut microbiomes. The demon-

strated differences in the gut microbiomes include a greater abun-
dance of Bifidobacterium and a lower abundance of clostridia and
enteric bacteria in human milk-fed infants than in formula-fed
infants (1, 2). Such differences in gut microbiomes are believed to
contribute to the benefits associated with human milk feeding,
such as protection against infection and allergy (3–5), as well as
long-term health and neurodevelopment (5–7). Human milk
contains high levels of more than 200 structures of nondigestible
oligosaccharides (8, 9), whereas cow milk contains virtually no
oligosaccharides (10). Therefore, without supplementation, oli-
gosaccharides are nearly absent in cow milk-based infant formu-
las. The difference in nondigestible oligosaccharides between hu-
man milk and infant formula is believed to be a main reason for
the observed differences in intestinal microbiomes between in-
fants receiving these two types of feeding (9, 11).

Nondigestible oligosaccharides can be added to infant formula
as prebiotics to increase its oligosaccharide content (12). How-
ever, the prebiotics commercially available for inclusion in infant
formula are limited in variety, and the nondigestible oligosaccha-
rides contained in most prebiotic products are much simpler in
structure than most of those found in human milk (13). Clinical
feeding trials have been conducted to determine the effect of non-
digestible oligosaccharides added to infant formula, which in-
clude fructo-oligosaccharides, galacto-oligosaccharides, and inu-
lin (14). The conclusions of these investigations regarding changes
in microbiome are conflicting (15). Indeed, some of these studies
demonstrated a significant increase in beneficial bacteria (i.e., Bi-
fidobacterium and Lactobacillus) and a decrease in harmful bacte-
ria (i.e., clostridia and Escherichia coli) (16–18), whereas other

studies showed little or no measurable effect (19–21). This dis-
crepancy may be attributable to differences in laboratory method-
ology, formula composition, infant populations studied, and their
associated individualized intestinal microbiomes (15). Indeed,
tremendous variations in intestinal microbiomes were reported
among infants in a number of studies (22–24), and such variations
often exceed the treatment effects, thus making it difficult to as-
certain the actual impact of prebiotic supplementation.

Evaluation of prebiotics for their effects using in vitro cultures
can overcome the limitations posed by some of the uncontrollable
variations in clinical trials, such as variations in feeding regimens
and intestinal microbiomes. Additionally, in vitro cultures over-
come the difficulties in comparing the efficacy of different prebi-
otics owing to differences in methodology, form of prebiotic
products, dose, duration, number of subjects, and measurements
taken. Several researchers have used in vitro cultures to evaluate
the effect of prebiotics on individual strains of intestinal bacteria
(25–27). Although these studies have advanced our knowledge on
the characteristics (e.g., the ability to grow on the test prebiotics
and the fermentation products) of these bacterial strains, the con-
clusions drawn probably do not apply to the complex intestinal
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microbiomes of infants due to the absence of other intestinal bac-
teria. Although several studies have compared the prebiotic or
bifidogenic effects of multiple prebiotics using in vitro cultures of
adult fecal samples (28–30), no study has been reported that used
in vitro cultures of infant stool samples. Because the intestinal
microbiomes differ greatly between adults and infants (31), dif-
ferent effects of prebiotics on intestinal microbiome are expected.
The objective of this study was to comparatively evaluate the ef-
fects of prebiotics commonly added to infant formula (32) on the
growth of select populations of intestinal bacteria and their fer-
mentation using in vitro cultures of infant fecal samples. Fresh
stool samples from both human milk-fed and infant formula-fed
infants were used as the inocula in an attempt to encompass the
gut microbiome supported by both feeding types. In addition, the
prebiotic oligosaccharides were compared at the concentrations
representative of those added to infant formula.

MATERIALS AND METHODS
Study design and sample collection. This was a nonrandomized, single-
center, unblinded study. An independent ethics committee and institu-
tional review board reviewed and approved the protocol and consent
forms. Informed consent was obtained from the legally authorized repre-
sentatives of the subjects prior to the study. The study was designed to
enroll infants between the ages of 0 (date of birth) and 5 days to collect one
fecal sample from each subject at approximately 28 days of age. The study
was designed to enroll 5 infants into each group. Infants who were fed
exclusively human milk were enrolled into the human milk-fed (HM)
group, while infants who were consuming exclusively a milk-based infant
formula, with no added prebiotics, were enrolled into the formula-fed
(FF) group. The parent(s) of each infant were instructed to use the desig-
nated feeding ad libitum as the sole source of nutrition for the duration of
the study. Infants were excluded from further analyses if they (or the
mothers of HM-fed infants) received any medication that could affect gut
bacteria. There were 3 study visits during this study (day 0, 15 � 3, and
28 � 3) to gather information on the infants and protocol compliance.

Fresh fecal samples were collected at the last visit (day 28 � 3). De-
tailed sample collection procedures were provided to the study coordina-
tor at the clinical site. Within 60 min of a bowel movement, the diaper was
removed and placed in a plastic bag, then placed in an insulated cooler bag
containing frozen ice packs, and delivered to the study coordinator. The
fecal sample was immediately transferred into a sterile 15-ml preweighed
glass bead-containing serum vial using a sterile tongue depressor. The vial
was then immediately filled completely with an anaerobic buffer (0.1%
peptone, 0.85% NaCl, and 0.5% cysteine-HCl [pH 7.0]) of known vol-
ume, capped with a rubber stopper, and sealed with an aluminum crimp
cap. The sample vial was placed in an insulated cooler containing ice packs
and brought to the laboratory within 3.4 to 5.3 h from the time the stool
was passed. Upon receipt of each sample in the laboratory, the sample vial,
which contained the fresh stool sample and the anaerobic buffer added,
was weighed (total sample vial weight). The amount of the anaerobic
buffer transferred into each sample vial was calculated as the difference
between the initial volume of the anaerobic buffer and the volume left in
the original buffer vial. The amount of each fresh stool sample collected
was determined as the difference between the total weight of each sample
vial and the amount of buffer transferred to the sample vial from the
buffer vial. The dilution factor for each of the fresh stool samples was
determined by dividing the amount of each stool sample (in grams) by the
total weight of each sample vial (in grams). Of the infants enrolled in each
feeding group, 3 in each group met the enrollment criteria and their fresh
stool samples were collected and used as the inocula.

In vitro fermentation, enumeration, and isolation of Bifidobacte-
rium organisms. The prebiotic products used in this study were selected
based on their market availability, potential as prebiotics, and suitability
to be included in infant formulas. The tested products included Vivinal

GOS 15 (FrieslandCampina Domo, Rolling Meadows, IL), Beneo HP (Be-
neo, Inc., Morris Plains, NJ), and Beneo Synergy 1 (Beneo, Inc.). Vivinal
GOS 15 contained (percent dry matter) polysaccharides (45.6%), GOS
(28.5%), lactose (10.1%), and glucose (9.7%) as main components. Beneo
HP contained chicory inulin (�99.5% purity) with the small oligofruc-
tose (degree of polymerization � 5) removed, while Beneo Synergy 1 was
a combination of chicory inulin and oligofructose produced by partial
enzymatic hydrolysis of chicory inulin (90 to 94% enriched oligofructose
and inulin). These products were evaluated in the following treatments:
Vivinal GOS 15 alone at 7.2 g/liter (referred to as GOS), Beneo HP alone
at 0.8 g/liter (referred to as IN), Beneo Synergy 1 alone at 4.0 g/liter (re-
ferred to as OF-IN), and a combination of Vivinal GOS 15 (7.2 g/liter) and
Beneo HP (0.8 g/liter) (referred to as GOS-IN). These doses were selected
based on those tested in clinical studies and on tolerance information
available in the literature of clinical studies conducted with young infants
(20, 33). A no-prebiotics control was also included.

The basal medium contained (in g/liter) peptone, 2.0; yeast extract,
2.0; NaCl, 0.1; K2HPO4, 0.04; KH2PO4, 0.04; MgSO4·7H2O, 0.01;
CaCl2·2H2O, 0.01; NaHCO3, 2.0; cysteine-HCl, 0.5; and bile salts, 0.5, as
well as Tween 80 at 2.0 ml, phylloquinone at 10 �l, hemin solution at 1.0
ml, and sodium resazurin (27, 29, 34). The medium was made anaerobic
as described previously (29) and dispensed into Hungate tubes (9 ml per
tube). Each product was added (0.5 ml) from a sterile stock solution to the
final concentration intended. The control cultures received no prebiotics
but received 0.5 ml of phosphate-buffered saline (PBS). Each fresh stool
sample, diluted 2.9- to 15.8-fold in the anaerobic buffer in the sampling
vials, was mixed well by vortexing vigorously, and 0.5 ml of each was
inoculated into each of the 3 replicate Hungate tubes for each treatment.
These culture tubes were incubated at 37°C for 24 h. Three subsamples
(3.5 ml) were collected at 12 and 24 h postincubation from each culture
tube and aliquoted into 3 microtubes. One subsample was processed and
frozen at �80°C for volatile fatty acid (VFA) analysis using gas chroma-
tography (35); the second subsample was centrifuged at 4°C for 10 min at
16,000 � g to harvest the bacterial biomass, which was frozen immediately
at �80°C; and the third subsample was used to enumerate bifidobacteria
on selective Beerens agar plates immediately.

Each of the sampled cultures was diluted in 1:10 series in an anaerobic
chamber using the same anaerobic buffer as used in stool sample collec-
tion. An aliquot of 0.1 ml of 3 dilutions each was plated on selective
Beerens agar plates in triplicate (29); the plates were then incubated at
37°C for 24 h inside an anaerobic chamber that was filled with 90% N2, 5%
H2, and 5% CO2. The colonies formed were counted from the plates that
had 30 to 300 colonies. The number of CFU/ml of culture for each time
point and each treatment was calculated based on the number of colonies
and the corresponding dilution factor.

Analysis of Bifidobacterium isolates by ERIC-PCR and DNA se-
quencing. To identify the bifidobacteria grown on the Beerens plates, 96
random colonies were picked for each treatment and each time point.
They were inoculated into 1 ml of Columbia broth dispensed into deep-
well plates (96 wells per plate and 1 ml of medium per well). These plates
were incubated in an anaerobic incubator at 37°C for 24 h. Then 100-�l
quantities of each culture were transferred to the wells of 96-well PCR
plates, which were sealed with a thermal adhesive film (Fisher Scientific)
and incubated at 95°C for 5 min to lyse the cells, using a thermocycler.
Following centrifugation, the cell lysate was used directly as the template
to perform enterobacterial repetitive intergenic consensus sequence-PCR
(ERIC-PCR) to identify unique colonies (36, 37). The banding patterns of
ERIC-PCR were clustered using BioNumerics (v.5.1; Applied Maths, Inc.,
Austin, TX). The 16S rRNA gene (rrs) of each representative ERIC-PCR
phylotype, rather than the 16S rRNA gene of all the colonies, was ampli-
fied by PCR using the cell lysate as the template and universal bacterial
primers (38). Following confirmation of the expected band by agarose gel
(1.5%) electrophoresis, the PCR products were purified using QIAquick
PCR purification kits (Qiagen, Inc., Valencia, CA) and sequenced using a
3730 DNA analyzer (Applied Biosystems, Inc., Foster City, CA). After
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manual verification of base calling, the sequences were compared to Gen-
Bank sequences using BLASTn to identify the most similar sequences for
each isolate.

Microbial community DNA extraction. Community DNA was ex-
tracted from each of the cultures using the repeated bead-beating and
column purification method as previously described (39). The resultant
DNA quality was visually assessed by agarose gel (1.0%) electrophoresis.
The DNA concentration was quantified using a Quant-it kit (Invitrogen
Corporation, Carlsbad, CA) and an Mx3000P real-time PCR system
(Stratagene, La Jolla, CA).

Quantification of bacterial groups by specific real-time PCR. The
primers used in the real-time PCR assays are listed in Table 1. The abun-
dances of the following bacterial groups were quantified using respective
specific real-time PCR as described previously: total bacteria (40), Bifido-
bacterium (40), Bacteroides (41), Bifidobacterium longum (42), Clostrid-
ium difficile (43), and E. coli (44). Lactobacilli were not quantified because
initial endpoint PCR analysis of the samples showed either no detection or
very low occurrence of this group of bacteria (data not shown). One sam-
ple-derived standard was prepared for each of the real-time PCR assays for
total bacteria, Bifidobacterium, and Bacteroides as described previously
(40, 45). The rrs genes of B. longum ATCC 15708 and E. coli wild-type
MG1655 were PCR amplified using bacterial cells of each strain and uni-
versal bacterial primers 63f/1389r (46, 47), and the PCR products were
used as respective real-time PCR standards for these two species. All the
real-time PCR assays were performed using an Mx3000P real-time PCR
system (Stratagene) and 25-�l reaction volumes. All samples were ana-
lyzed in triplicate together with respective standards (also in triplicate)
using the same master mix on the same PCR plate. A no-template control
in triplicate was always included in parallel.

Profiling of Bifidobacterium by PCR-DGGE. The population of Bifi-
dobacterium was profiled using genus-specific PCR-denaturing gradient
gel electrophoresis (PCR-DGGE) as described previously (40). Distinct
DGGE bands were excised from the DGGE gels and the DNA reamplified
using the PCR primers used in the DGGE but without the GC clamp (48).
Successful reamplification was confirmed as a single band upon agarose
gel (1.5%) electrophoresis. The PCR products were purified using
QIAquick PCR purification kits (Qiagen) and sequenced as mentioned
above. After manual confirmation of base calling and chimera checking,

the sequences were compared with the GenBank sequences using BLASTn
to identify the most similar database sequences.

Analysis of volatile fatty acids. All the culture samples were subjected
to analysis for volatile fatty acids using gas chromatography as described
by Knol et al. (35). Lactic acid, which is not a VFA, was not analyzed.

Statistical analysis. To compare the prebiotic effects among the treat-
ments (GOS, IN, GOS-IN, OF-IN, and control), the PROC MIXED pro-
cedure of SAS (SAS Institute, Inc., Cary, NC) was used to fit a randomized
complete-block analysis of variance (ANOVA) to the data obtained at 12
or 24 h for each measurement. The model contained a fixed effect for the
treatment and a random effect for the infant. For those measurements
with a statistically significant effect of the prebiotic treatments, the least-
squares means (LSM) were compared pairwise with a Tukey-Kramer ad-
justment made to the P values. Only the measurements for which most of
the infant stool samples (at least 5 of the 6 samples for each treatment)
resulted in complete data (values at 12 or 24 h for all 5 treatments) were
analyzed. The bacterial plate counts and real-time PCR data were first
log10 transformed to improve normality before analysis. Statistical analy-
sis was not performed on the abundance of C. difficile because many of the
samples had no detectable C. difficile organisms. The time-zero data (cal-
culated from the data of the inocula) were obtained from the cultures
prior to incubation. Thus, the five treatments had the same beginning
values for a particular measurement. Statistical significance was declared
at a P value of �0.05. All values are presented as means (� standard errors
of the means [SEM]).

RESULTS
Demographics of the enrolled infant subjects. Three infant sub-
jects from each feeding group met the requirements of the study
protocol. The subjects enrolled in the two feeding groups were
similar in age, gender, birth weight, and birth method (Table 2).
No serious adverse events were reported for any of the infants
during the study. Fresh stool samples from each of these infants
were used as the inocula to evaluate all the test prebiotic products.

Abundance of total bacteria and Bacteroides. In an attempt to
encompass the gut microbiome supported by both feeding types,
the abundance of total bacteria, Bacteroides, total bifidobacteria,

TABLE 1 PCR primers and probe used in this study

Primer Sequence (5=¡3=)
Annealing
positiona Target

Annealing
temp (°C)

Amplicon
length
(bp)b Reference

27f AGA GTT TGA TCM TGG CTC AG 8–27 Most bacteria 54 1,535 38
1525r AAG GAG GTG WTC CAR CC 1,525–1,542
340f TCC TAC GGG AGG CAG CAG T 340–258 Most bacteria 60 467 76
806r GGA CTA CCA GGG TAT CTA ATC CTG TT 781–806
TaqMan probe 6-FAM-5=-CGT ATT ACC GCG GCT GCT GGC AC-3=-TAMRA 515–537
Bac303f GAA GGT CCC CCA CAT TG 302–318 Bacteroides 56 418 41
Bac708r CAA TCG GAG TTC TTC GTG 708–725 77
Bif164f GGG TGG TAA TGC CGG ATG 164–181 Bifidobacterium 60 530 78
Bif662rc CCA CCG TTA CAC CGG GAA 676–693
ECA75f GGA AGA AGC TTG CTT CTT TGCT GAC 75–99 E. coli 56 545 44
ECR619r AGC CCG GGG ATT TCA CAT CTG ACT TA 594–619
Cdif-706f ATT AGG AGG AAC ACC AGT TG 164–181 C. difficile 54 307 43
Cdif-994r AGG AGA TGT CAT TGG GAT GT 994–1,012
BiLON-1 TTC CAG TTG ATC GCA TGG TC 186–207 B. longum 63 831 42
BiLON-2 GGG AAG CCG TAT CTC TAC GA 1,009–1,028
ERIC 1 ATG TAA GCT CCT GGG GAT TCA C Variable Bacteria 52 Variable 37
ERIC 2 AAG TAA GTG ACT GGG GTG AGC G
a Based on numbering of the rrs gene of Bacteroides.
b Calculated based on the rrs gene of Bacteroides.
c When used in PCR-DGGE, a 40-bp GC clamp (5=-CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG GGG G-3=) was attached to the primer at the 5= end.
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B. longum, and E. coli was determined for each inoculum collected
from both the HM and the FF feeding groups, with all six fresh
stool samples (three replicates per sample) used to determine the
effects of the different prebiotics. In all the cultures, including the
control, the average abundance of total bacteria increased by
about 3 log rrs copies/ml culture over the first 12 h of incubation
(data not shown). However, no further growth of total bacteria
was observed thereafter. The abundances of total bacteria did not
differ significantly among the treatments at either 12 or 24 h. The
abundance of Bacteroides increased from approximately 4 to 7 log
rrs copies/ml by 12 h in all cultures, but the cultures that received
the GOS product (Vivinal GOS 15) increased the least, to 6.9
(�0.87) log rrs copies/ml. From 12 to 24 h, Bacteroides continued
to increase in abundance by another log in the control, IN, and
OF-IN cultures but decreased slightly in the GOS and the GOS-IN
cultures (data not shown).

Abundances of total bifidobacteria and B. longum. The in
vitro cultures had a bifidobacterial abundance of 5.12 (�0.17) log
rrs copies/ml prior to incubation. At 12 h the bifidobacterial pop-
ulation increased by about 4 log rrs copies/ml in both the GOS and
the GOS-IN cultures and about 3 log rrs copies/ml in the OF-IN
cultures (Fig. 1A). Over the same period, bifidobacteria in the
control and the IN cultures increased only by approximately 1.5
logs. From 12 to 24 h, the bifidobacterial population did not in-
crease further, irrespective of the prebiotics added.

The abundance of B. longum approximated 3.87 (�0.67) log
rrs copies/ml of culture prior to the incubation, which increased
by various magnitudes in all the cultures, including the control
(Fig. 1B). At both 12 and 24 h, the B. longum population in the
GOS and the GOS-IN cultures was greater (P � 0.001) than that in
the IN and the control cultures. The OF-IN cultures had a signif-
icantly greater abundance of B. longum than the IN cultures at
both 12 and 24 h (P � 0.02) and the control cultures at 24 h (P �
0.001), while the IN and the control cultures had similar B. longum
population sizes.

The relative abundance of B. longum was calculated by dividing
the abundance of B. longum by that of total bifidobacteria. The
relative abundance of B. longum varied among the cultures at time
zero and accounted for about 81% of total bifidobacteria. During
the in vitro incubation, the relative abundance of B. longum in-
creased numerically in all the cultures. Overall, B. longum ac-
counted for 87% to 91% of total bifidobacteria at 12 h and from
86% to 95% at 24 h. The predominance of B. longum numerically
increased to a lesser extent in the GOS and the GOS-IN cultures
than in other cultures. The relative abundance was greatest in the
control cultures at 24 h, reaching 95%.

Abundances of Escherichia coli and C. difficile. The abun-
dance of E. coli in the cultures prior to incubation was 3.23 (�
0.51) log rrs copies/ml and increased approximately by 4 logs dur-
ing the first 12 h of incubation (Fig. 1C). The E. coli population size
stabilized from 12 to 24 h. The addition of the prebiotics affected
the growth of E. coli differently. Pairwise comparisons showed that
the GOS cultures had a significantly lower abundance of E. coli
organisms than the IN cultures at 12 h. The GOS and the GOS-IN
cultures also had significantly fewer (P � 0.05) E. coli organisms
than the control and the IN cultures at 24 h. The E. coli population
in the OF-IN cultures was numerically smaller only than that in
the control cultures (P � 0.835 and 0.249 at 12 and 24 h, respec-
tively) and the IN cultures (P � 0.581 and 0.355 at 12 and 24 h,
respectively) but numerically greater than that in the GOS cul-
tures (P � 0.438 and 0.058 at 12 and 24 h, respectively) and the
GOS-IN cultures (P � 0.616 and 0.098 at 12 and 24 h, respec-
tively).

FIG 1 Abundances of bifidobacteria (A), B. longum (B), and E. coli (C) deter-
mined in in vitro cultures. The time-zero values were 5.12 (�0.17) log 16S
rRNA gene copies/ml for total bifidobacteria, 3.87 (�0.67) for B. longum, and
3.23 (�0.51) for E. coli. Different letters indicate significant differences at P
values of �0.01 (A) and �0.05 (B and C). NoING, the control containing no
ingredient; GOS-IN, GOS and inulin; IN, inulin; OF-IN, oligofructose and
inulin.

TABLE 2 Demographic information for the enrolled infants

Variable

Feeding groupa

FF HM

No. of subjects 3 3
Gender 2 males, 1 female 2 males, 1 female
Ethnicity All non-Hispanic All non-Hispanic
Race All white All white
Method of delivery All vaginal All vaginal
Birth wt, g (mean � SEM) 3,534.2 � 223.4 3,411.4 � 125.0
Age at study enrollment, days

(mean � SEM)
1.0 � 0.0 1.3 � 0.3

a FF, formula fed; HM, human milk fed.
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The abundance of C. difficile organisms averaged about 2.70
log rrs copies/ml prior to the in vitro incubation, increased to 5.35
to 5.38 log rrs copies/ml by 12 h among the treatments, and there-
after increased or decreased slightly by 24 h. Because two or three
of the six inocula did not result in detectable C. difficile growth in
the in vitro cultures, no statistical analysis was done on the qPCR
data for C. difficile. However, there were numerical differences in
the abundance of C. difficile among the treatments (data not
shown).

Cultured bifidobacteria. Beerens agar plates were used to enu-
merate and recover bifidobacteria from each of the cultures (for
ease of reference, referred to as “cultured bifidobacteria,” though
Beerens plates permit growth of some bacteria other than bifido-
bacteria). Based on the selective plating, the time-zero cultures
had about 6 log CFU/ml of culture on average. By 12 h, the control
and the IN cultures had approximately 7.5 log CFU/ml, while the
other 3 cultures had about 8 log CFU/ml. By 24 h all the cultures
had slightly decreased CFU, but not the OF-IN cultures.

Some differences in species distribution were seen between the
two feeding groups, and thus the data for cultured bifidobacteria
were examined separately for the two feeding groups. In the initial
time-zero samples, most of the isolates (81.0%) from the HM
infants were identified, through sequencing of 16S rRNA genes, as
Bifidobacterium longum subsp. infantis, with the remaining iso-
lates as B. breve (Table 3). The initial time-zero samples of the FF
group were also dominated by B. longum subsp. infantis (83.7%),
but Bifidobacterium pseudocatenulatum, Bifidobacterium breve,
and Enterococcus faecalis were also found (Table 4). Over the
course of the in vitro incubation, B. longum subsp. infantis re-
mained predominant in all the cultures. The GOS cultures of the
HM group and the GOS and GOS-IN cultures of the FF group had

a numerically greater prevalence of B. breve than the other cul-
tures. The GOS cultures of the HM group also had fewer Entero-
coccus faecalis organisms. No such trend was observed in the GOS
cultures within the FF group.

Culture pH and VFA production. The pH of the initial cul-
tures prior to incubation was approximately 6.4 (Fig. 2A). The
addition of the GOS product or both the GOS product and the IN
product (Beneo HP) decreased the culture pH by �2 pH units
after 12 h of incubation. The inclusion of OF-IN product (Beneo
Synergy 1) also decreased the culture pH at 12 h but to a smaller
magnitude (approximately 0.5 pH unit). The pH in both the con-
trol and the IN cultures increased at 12 h. No appreciable change
in pH was observed in any of the cultures after the initial 12 h of
incubation.

The concentrations of acetic, butyric, propionic, isobutyric,
valeric, and isovaleric acids were analyzed for all the culture sam-
ples. Very little acetic acid was detected in the cultures prior to the
incubation, but after 12 h of incubation, more than 40 mM acetic
acid was detected in both the GOS and the GOS-IN cultures (Fig.
2B). The OF-IN cultures also had an increased acetic acid concen-
tration relative to the control and the IN cultures. Only small
increases in acetic acid production were seen after 12 h. Almost no
butyric acid was detected in the cultures prior to the incubation
(data not shown). Although the concentrations remained very low
in all of the cultures, a treatment effect was observed (not statisti-
cally analyzed) on butyric acid concentrations at both 12 and 24 h
(data not shown). The addition of the GOS product, either alone
or in combination with the IN product, resulted in the lowest
concentration of butyric acid. Little propionic acid was detected in
the cultures prior to incubation, but the different prebiotic prod-
ucts resulted in different increases in propionic acid concentration

TABLE 3 Abundance of total cultured bacteria and prevalence of bacterial species recovered from the Beerens plates inoculated from the samples of
the HM group

Culture

Total bacteria
(log10 CFU/ml
[mean � SEM])

% prevalence (mean � SEM)

B. longum
subsp.
infantis B. breve B. bifiduma E. faecalis B. licheniformisa Clostridium sp.a

Collinsella
aerofaciensa

Time zero (0 h) 6.07 (0.82) 81.0 (33.0) 19.0 (33.0)

Control
12 h 7.56 (0.51) 75.0 (43.3) 12.5 (21.6) 12.5 (21.6)
24 h 7.14 (0.41) 40.3 (32.3) 7.2 (9.1) 28.5 (26.4) 15.3 (26.5) 8.7 (15.1)

IN
12 h 7.34 (0.36) 73.8 (19.0) 4.3 (7.5) 19.0 (28.8) 2.9 (5.0)
24 h 7.17 (0.62) 64.0 (40.8) 10.1 (17.6) 2.4 (4.1) 23.4 (26.5)

OF-IN
12 h 8.09 (0.29) 88.8 (15.7) 2.8 (4.8) 6.9 (12.0) 1.4 (2.5)
24 h 7.81 (0.41) 90.9 (15.7) 1.5 (2.6) 6.1 (10.5) 1.5 (2.6)

GOS
12 h 8.15 (0.59) 71.8 (44.9) 22.2 (38.5) 4.4 (7.7) 1.5 (2.6)
24 h 7.1 (0.38) 77.1 (39.7) 20.8 (36.1) 2.1 (3.6)

GOS-IN
12 h 8.27 (0.65) 87.7 (14.2) 3.7 (6.4) 5.6 (9.6) 3.0 (5.2)
24 h 7.16 (0.46) 74.2 (44.6) 6.1 (10.5) 18.2 (31.5) 1.5 (2.6)

a Found in the cultures of only one infant.
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(data not shown) at 12 and 24 h. The largest increase was seen for
the OF-IN cultures, followed by the IN and the control cultures.
The addition of the GOS product or the GOS product and the IN
product together had very little effect on propionic acid produc-
tion at both 12 and 24 h. The concentrations of isobutyric, valeric,
and isovaleric acids averaged below 1 mM in all the cultures, ex-
cept for isovaleric acid in the control (1.5 mM) and the IN cultures
(1.7 mM) of one formula-fed infant.

DGGE profiling and identification of bifidobacteria from the
excised DGGE bands. There were differences in intensities of
some DGGE bands but no visual differences in the presence and
absence of DGGE bands between the two feeding groups or
among the cultures supplemented with the different prebiotics
(data not shown). The two most common species recovered from
the DGGE bands were B. longum (the short 16S rRNA gene region
did not allow for identification to subspecies level) and B. breve.
No obvious effect of the added prebiotics was found on the bifi-
dobacterial species identified from the excised DGGE bands (data
not shown).

DISCUSSION

This study is among the few studies that have comparatively eval-
uated the common prebiotics that have been added to infant for-
mula using an in vitro model and fresh infant stool samples from
breast-fed and formula-fed infants as inocula. As shown in this
study, fresh stool samples are difficult to collect from multiple
young infants within a narrow time window. It is also a challenge
to maintain anaerobiosis of the samples and viability of the mi-
crobes. However, compared to frozen stool samples, fresh stool
samples would allow for more applicable conclusions. From a
microbiological perspective, it is logical to use the same concen-
tration for all the prebiotic products to compare their prebiotic

FIG 2 pHs (A) and acetic acid concentrations (B) determined in in vitro
cultures. The time-zero value for pH was 6.36 � 0.38 (mean � SEM), and that
for acetic acid concentration was 0.06 � 0.02 mM (mean � SEM). Different
letters indicate significant differences at P values of �0.01 (A) and �0.05 (B).

TABLE 4 Abundance of total cultured bacteria and prevalence of bacterial species recovered from the Beerens plates inoculated from the samples of
the FF group

Culture

Total bacteria
(log10 CFU/ml
[mean � SEM])

% prevalence (mean � SEM)

B. longum
subsp.
infantis B. brevea B. bifidum E. faecalis B. licheniformis

Clostridium
sp.

Collinsella
aerofaciensa B. pseudocatenulatuma

Time zero (0 h) 6.7 (0.23) 83.7 (24.5) 1.4 (2.5) 9.3 (16.0) 5.6 (9.6)

Control
12 h 7.5 (0.14) 79.1 (18.1) 4.5 (7.9) 5.1 (8.9) 8.6 (9.1) 2.6 (4.4)
24 h 7.7 (0.36) 81.1 (12.4) 3.0 (5.2) 2.4 (4.1) 6.1 (10.5) 1.5 (2.6) 5.9 (10.2)

IN
12 h 7.6 (0.29) 79.3 (32.2) 1.4 (2.5) 19.3 (33.4)
24 h 7.4 (0.42) 66.5 (30.1) 2.0 (3.4) 17.8 (13.3) 11.8 (20.4) 2.0 (3.4)

OF-IN
12 h 8.0 (1.0) 74.4 (35.9) 3.3 (5.8) 22.2 (38.5)
24 h 8.1 (0.30) 75.0 (43.3) 8.3 (14.4) 8.3 (14.4) 8.3 (14.4)

GOS
12 h 7.9 (0.57) 52.1 (21.9) 12.5 (21.6) 5.6 (9.6) 13.2 (17.7) 8.3 (14.4) 8.3 (14.4)
24 h 7.7 (0.09) 77.1 (39.7) 6.25 (10.8) 2.1 (3.6) 10.4 (18.0) 4.2 (7.2)

GOS-IN
12 h 7.7 (0.63) 71.0 (27.4) 11.8 (20.4) 7.8 (13.6) 1.6 (2.7) 7.8 (13.6)
24 h 7.6 (0.14) 59.8 (42.7) 28.3 (49.1) 2.4 (4.1) 9.5 (16.5)

a Found in the cultures of only one infant.
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effect and fermentation profiles. However, because the tested pre-
biotics resulted in differences in several aspects, such as tolerance
and stool consistency (49–52), they were evaluated at the concen-
trations that can be practically used in infant formula. It should be
noted that 7.2 g/liter of the GOS product (Vivinal GOS 15; 28.5%
GOS content) corresponded to 2.05 g/liter of pure GOS in the
cultures, with the remaining being polysaccharides (3.28 g/liter)
and lactose and glucose (about 0.7 g/liter each). The differences
observed between the GOS product and the other products (Be-
neo HP and Beneo Synergy 1) thus might not be solely attributable
to GOS itself.

The quantification of the major groups of bacteria that are
important to infant health and the analysis for the major fermen-
tation products (i.e., VFA) and pH allow for evaluation of these
prebiotic products with respect to their bifidogenic effect and the
effect on fermentation. Because it is rather difficult to maintain
sample anaerobiosis and viability of the fecal microbes in samples
collected from young infants from different geographic regions, a
relatively small number of infants were sampled. However, the
evaluation of each of the tested prebiotic products using each of
the fresh stool samples, collected from both human milk-fed and
formula-fed infants, allows for comparison of these prebiotic
products using multiple replicates in the laboratory setting. Re-
sults of in vitro studies cannot be directly extrapolated to in vivo
studies. However, this in vitro study allowed us to evaluate four
different prebiotics, and such in vitro studies using fresh fecal sam-
ples may be used to test other promising prebiotic ingredients and
their combinations simultaneously. The findings of this study may
help in designing future clinical trials to further evaluate these
prebiotics.

Overall, the prebiotics at the tested levels had various effects on
different bacterial groups analyzed and on the in vitro fermenta-
tion by infants’ fecal microbiomes. The GOS product exhibited
the most stimulatory effect on proliferation of total bifidobacteria
and B. longum. This observation is consistent with the ability of
bifidobacteria, including B. longum, to grow on a variety of oligo-
saccharides (53, 54) and their preference for GOS (27, 55) even
though this product also contains polysaccharides, lactose, and
glucose. Even though the combination of the GOS product and
the inulin product (0.8 g/liter) promoted bifidobacteria to a level
comparable to that of the GOS product, the bifidogenic effect
observed almost certainly stemmed from the stimulatory effect of
Vivinal GOS 15, because Beneo HP alone at the tested level did not
increase the population of bifidobacteria. The Beneo HP concen-
tration used might have been too low to produce a significant
bifidogenic effect. In addition, a few studies showed that inulin
with long chains was fermented slower and could only be fer-
mented by a slightly lower number of bifidobacteria than short-
chain oligofructose (56, 57), and long-chain inulin did not exhibit
a bifidogenic effect in humanized rats (58). Thus, the long chain
lengths of the inulin tested in the present study might be another
reason for the lack of a significant bifidogenic effect.

The oligofructose-enriched inulin (Beneo Synergy 1) increased
bifidobacteria to a smaller (P � 0.05) magnitude than the GOS
product, which may be largely attributed to the oligofructose pres-
ent in the mixture. It is interesting that the total population of
Bifidobacterium and that of B. longum had a similar trend (Fig. 1A
and B), suggesting that B. longum was the primary bifidobacterial
species that was stimulated by the added prebiotics in the cultures.
This observation is in line with the finding that B. longum was one

of the major bifidobacterial species of adults’ fecal microbiomes
that were stimulated by GOS (59). In addition, the relative abun-
dance of B. longum as quantified by the species-specific qPCR was
similar to that of infantis subsp. infantis recovered on Beerens
plates, suggesting that the majority of the B. longum organisms in
the cultures were probably B. longum subsp. infantis. It should be
noted that there was very little increase in the abundance of bifi-
dobacteria after 12 h of incubation. The ceased population growth
could be attributed to depletion of the added products or another
nutrient(s) or to accumulation of metabolites (including de-
creased pH due to accumulation of VFA) to inhibitory levels.

Most of the cultured bifidobacteria recovered from the fecal
samples of the HM group were B. infantis, while B. pseudocatenu-
latum and E. faecalis were also recovered from the fecal samples of
the FF group. Such differential distributions of bifidobacteria be-
tween formula- and human milk-fed infants are consistent with
the findings of previous studies (60, 61). Collectively, more species
were recovered from the in vitro cultures than from the initial fecal
samples, including nonbifidobacterial species. The HM and the FF
groups also exhibited differences in the prevalences of the cultured
species. As shown recently (62), the prevalence of B. breve in-
creased at the expense of that of B. longum in all the cultures,
especially in the GOS culture of the HM group and the GOS and
the GOS-IN cultures of the FF group. The dynamic successions of
bifidobacterial species in the cultures were also incubation time
and prebiotics independent. Different bifidobacterial species have
various ability to utilize different prebiotics (63–65), which may
explain the observed differences in population shifts during the
cultivation. The results of this study and a previous study (66)
suggest the occurrence of different “types” (a set of specific bifi-
dobacterial species) of bifidobacteria under different conditions
(nutrient, environmental, and microbial). More studies using co-
cultures or other specific analyses are needed to verify this
premise.

The prevalences of the recovered bifidobacterial species dif-
fered from some of the earlier studies (67, 68) in which Bifidobac-
terium adolescentis and Bifidobacterium dentium were also found
to be prevalent. Differences in methods used (including media)
and host gut microbiomes might be major contributing factors
affecting the species captured on agar plates. It should also be
noted that a few nonbifidobacterial species were also recovered
from the Beerens agar plates, indicating that this type of selective
plate is not exclusively specific for bifidobacteria. This has been
observed in a previous study, and the use of plate count to enu-
merate bifidobacteria is hindered by the lack of selectivity of media
(69). Caution should be taken when quantitative data for bifido-
bacteria from cultivation-based and molecular methods are com-
pared.

The Bacteroides population increased in all the cultures within
the first 12 h of incubation but increased the least in the GOS and
the OF-IN cultures. Additionally, the Bacteroides population con-
tinued to increase by another log, irrespective of feeding groups, in
the control, the IN, and the OF-IN cultures from 12 to 24 h, while
it decreased slightly in the GOS and the GOS-IN cultures during
the same period (data not shown). These results suggest possible
inhibition of Bacteroides from the increased bifidobacterial popu-
lation, including the pH decline caused by fermentation of the
GOS product by bifidobacteria. The total bacterial populations
were similar among all the cultures irrespective of the prebiotics
added, suggesting that the prebiotics added to the basal medium
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was relatively small or can be utilized only by a few selected groups
of bacteria present in the initial inocula.

The concentrations of acetic acid appeared to be inversely as-
sociated with the pH and the E. coli population in the cultures. The
addition of the GOS or the GOS-IN product had the most pro-
found effects on these 3 parameters. Most bifidobacterial species
produce both acetic acid and lactic acid at a characteristic 3:2 ratio
through the bifid shunt pathway during carbohydrate fermenta-
tion (70), and they are also acid tolerant and able to grow well at
low pH (71). E. coli is known to be inhibited at low pH (72). It can
be concluded that the addition of the GOS product in the GOS and
the GOS-IN cultures stimulated the growth of bifidobacteria and
subsequent production of acetic acid and lactic acid (not analyzed
in this study) by primarily this group of bacteria, resulting in a
lowered culture pH (approximately 4.0), which inhibited E. coli in
the GOS and the GOS-IN cultures. This premise is consistent with
the lower fecal pH and E. coli abundance in breast-fed infants than
in formula-fed infants (73, 74). The lower concentration of acetic
acid and higher pH and E. coli population in both the control and
the IN cultures seem to corroborate the above conclusion and the
limited bifidogenic effect of the inulin at the tested level. The ad-
dition of the OF-IN product also stimulated acetate production
and lowered the culture pH, but not to the magnitudes observed in
the GOS or the GOS-IN cultures. This observation is also consis-
tent with the relatively lower (P � 0.05) abundance of bifidobac-
teria in the OF-IN cultures than in the GOS or the GOS-IN
cultures. Although not statistically analyzed, the OF-IN cultures
had the highest concentrations of propionic and butyric acids (2.7
and 1.25 mM, respectively, at 24 h), followed by the IN (1.9 and
1.0 mM, respectively) and the control cultures (1.3 and 0.98 mM,
respectively). On the other hand, the GOS and the GOS-IN cul-
tures had the lowest concentrations of these 2 acids (approxi-
mately 0.56 and 0.09 mM, respectively). These results suggest that
inulin, but not GOS, may stimulate the growth of butyrate- or
propionate-producing bacteria, which is consistent with the find-
ings of previous studies (57, 75). Nevertheless, relatively low con-
centrations of acetic acid corresponded with relatively higher con-
centrations of both butyric and propionic acids in the in vitro
cultures. Detailed studies of the bacteria present in such micro-
biomes will help determine the bacteria that are likely involved in
the production of both butyric and propionic acids.
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