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Bifidobacterial Succession and Correlation Networks in a Large
Unselected Cohort of Mothers and Their Children

E. Avershina,a,c O. Storrø,b T. Øien,b R. Johnsen,b R. Wilson,a T. Egeland,c K. Rudia,c

Faculty of Education and Natural Sciences, Hedmark University College, Hamar, Norwaya; Department of Public Health and General Practice, Norwegian University of
Science and Technology, Trondheim, Norwayb; Department of Chemistry, Biotechnology and Food Science, University of Life Sciences, Ås, Norwayc

Bifidobacteria are a major microbial component of infant gut microbiota, which is believed to promote health benefits for the
host and stimulate maturation of the immune system. Despite their perceived importance, very little is known about the natural
development of and possible correlations between bifidobacteria in human populations. To address this knowledge gap, we ana-
lyzed stool samples from a randomly selected healthy cohort of 87 infants and their mothers with >90% of vaginal delivery and
nearly 100% breast-feeding at 4 months. Fecal material was sampled during pregnancy, at 3 and 10 days, at 4 months, and at 1
and 2 years after birth. Stool samples were predicted to be rich in the species Bifidobacterium adolescentis, B. bifidum, B. den-
tium, B. breve, and B. longum. Due to high variation, we did not identify a clear age-related structure at the individual level.
Within the population as a whole, however, there were clear age-related successions. Negative correlations between the B.
longum group and B. adolescentis were detected in adults and in 1- and 2-year-old children, whereas negative correlations be-
tween B. longum and B. breve were characteristic for newborns and 4-month-old infants. The highly structured age-related de-
velopment of and correlation networks between bifidobacterial species during the first 2 years of life mirrors their different or
competing nutritional requirements, which in turn may be associated with specific biological functions in the development of
healthy gut.

Mother-to-child transmission and temporal development of
the human gut microbiota are population-based processes.

Understanding these processes is essential to the identification of
gut microbiota-associated functionalities. Certain members of the
genus Bifidobacterium represent very abundant early colonizers of
the infant gut (1), making them a prime target for investigation.

The high abundance of Bifidobacterium species in infants is
considered to promote development and maturation of the im-
mune system to sustain health (2–4). Furthermore, our recent
studies suggest that the succession of bifidobacteria is important
for the proper immunological development (5, 6).

Eight Bifidobacterium species have been associated with the
human gastrointestinal tract (GIT): Bifidobacterium adolescentis,
B. breve, B. longum subsp. longum, B. longum subsp. infantis, B.
pseudolongum, B. bifidum, B. pseudocatenulanum, and B. dentium.
Some bifidobacterial strains, e.g., B. pseudolongum, appear to be
exclusively associated with adult gut microbiota, and some, espe-
cially B. longum subsp. infantis, are typically isolated from infants
(7). The population-wise, age-related development of bifidobac-
teria in infants remains to be investigated.

Due to the fact that there is evidence for previously uncharac-
terized diversity of bifidobacteria in the human gut (8, 9), we
believe that to obtain a comprehensive description of bifidobac-
terial composition, the study should include a large number of
individuals, and various techniques should be applied. It is also
very important to avoid targeting specific bifidobacteria, since this
may lead to the exclusion of as-yet-undiscovered, but potentially
important bifidobacterial groups.

The aim of the present study, therefore, was to describe bifido-
bacterial composition, temporal development, and possible cor-
relations in a large, randomly selected cohort of mothers and their
children using a combination of both culture-dependent and -in-
dependent techniques. This was done by analyzing the series of
stool samples from the IMPACT cohort (10). The samples were

collected during early and late pregnancy stages and at 3 days, 10
days, 4 months, and 1 and 2 years after birth. We present results
showing a highly structured, age-related succession of bifidobac-
terial species within the study population, as well as correlations
between the abundances of these species during the first 2 years of
life.

MATERIALS AND METHODS
The simplified workflow of the data analysis is represented in Fig. 1.

Study cohort. The PACT study (Prevention of Allergy among Chil-
dren in Trondheim), a controlled nonrandomized prospective interven-
tion study of pregnant women and their children up to 2 years of age, was
started in 2000 (11). At the same time, a prospective observational sub-
study (IMPACT [Immunology and Microbiology in PACT]) of 720 preg-
nant women and their offspring, recruited from the PACT control cohort,
was also initiated (10). All pregnant women in the control cohort were
eligible for participation if they were willing and able to answer a ques-
tionnaire in Norwegian and supply biological material. We analyzed a
randomly selected subset of the IMPACT study comprising stool samples
of 87 infants and their mothers. At the point of inclusion participants were
normally healthy children not screened for allergic disease hereditary dis-
eases, allergy or atopy in the family, exposure factors, lifestyle, parental
health, siblings health, smoking exposure, or any possible confounder.
The samples were collected during the first or second trimester (8 to 20
gestation weeks) and the third trimester (30 to 40 gestation weeks) from
mothers, and at 3 days, 10 days, 4 months, and 1 year and 2 years after
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birth from children. Most children (�90%) were delivered vaginally. The
information on infants’ diet (Table 1) was received from a questionnaire
filled out by parents at 2 years. More details about the IMPACT study
cohort can be found in Storrø et al. (5).

In some cases, the stool sample from one or several collection time
points was missing, whereas for some other individuals, more than one
sample was present for the same age point (see Fig. S1A in the supplemen-
tal material). Moreover, several samples had sequence spectra of poor
quality (many abnormally shaped fluorescence peaks resembling dye
blobs or a low fluorescence signal) that would compromise the perfor-
mance of multivariate curve resolution (MCR) analysis (see Fig. S2 in the
supplemental material) and therefore had to be removed. In all, there were
330 samples in the final data set. For 52 children, bifidobacteria in the
sample from the mother were also detected. The numbers of samples
included in the study at each time point, as well as the numbers of mother-
child pairs that contained data for all or just a few time points, are sum-
marized in Fig. S1B and C in the supplemental material.

Isolation of DNA from stool samples. Fecal specimens were stored in
sterile Cary Blair transport and holding medium (BD Diagnostics, Sparks,
MD). Each specimen was frozen at �20°C no later than 2 h after sampling
and transported to the laboratory for further storage at �80°C. Stool
samples were first diluted 1:1 in solution 1 (50 mM glucose, 25 mM Tris-
HCl [pH 8.0], 10 mM EDTA [pH 8.0]). The resulting suspension was then
diluted 1:4 in 4 M guanidinium thiocyanate. The sample was then trans-
ferred to a sterile FastPrep-tube (Qbiogene, Inc., USA) with 250 mg of
acid-washed glass beads (�106 �m; Sigma-Aldrich, Germany), homoge-
nized in FastPrep Instrument (Qbiogene) for 40 s and then centrifuged at
13,500 rpm for 5 min. Then, 170 �l of supernatant, together with 10 �l of
Silica particles (Merck, Germany), was transferred to a 96-well Greiner
U-plate (Greiner Bio-One, Germany), which was then placed in a Biomek
2000 Workstation (Beckman Coulter, USA). After the addition of Sarko-

syl (1%), the plate was incubated at 65°C for 10 min, followed by 10 min
at room temperature. The supernatant was discarded, and a bead pellet
was washed twice with 50% ethanol. The beads were finally suspended in
100 �l of buffer C (1 mM EDTA [pH 8.0], 10 mM Tris-HCl [pH 8.0]),
followed by incubation at 65°C for 30 min, and the solution with the
eluted DNA was collected.

Generation of mixed clpC sequences. Based on the evaluation of six
housekeeping genes (12), we chose a mixed Bifidobacterium clpC (caseino-
lytic protease C) gene sequencing approach to obtain a comprehensive
description of the bifidobacterial composition. Bifidobacterium clpC gene
was amplified using clpC-specific primers developed by Ventura et al.
(12). Sequencing of the forward strand was performed using BigDye Ter-
minator v1.1 chemistry (Applied Biosystems, USA). The B. longum
group-specific primer (5=-AGAAGCTGGAAGCCGAT-3=) was designed
based on 34 Bifidobacterium clpC alleles downloaded from the Bifidobac-
terium multilocus sequence typing (MLST) database (13).

Mixed sequence analysis. The simplified scheme of mixed sequence
analysis steps is represented in Fig. 2.

At first, mixed sequence spectra were aligned to small (�20 bp) start
and end fragments flanking the variable region of the clpC gene and
trimmed (Fig. 2A). To correct for retention shift differences and to in-
crease the linearity of the data, all spectra were preprocessed after the
alignment by using correlation-optimized warping (14, 15). Preprocessed
aligned mixed sequences were then analyzed using a multivariate curve
resolution (MCR-ALS) approach (Fig. 2B). This method allows simulta-
neous qualitative and quantitative identification of the components (in
this case, groups of Bifidobacterium species), which are common to all of
the samples in the data set of interest (16). The specific feature of the
MCR-ALS method is that it particularly searches for components that are
common for all of the samples in the data set, whereas other information
is regarded as noise. Mathematically, the MCR-ALS method presents the
initial experimental matrix of spectral data D (m � n) as the combination
of the concentration matrix C (m � i) and the matrix of pure components
S (i � n), and a residual term E (m � n):

D � CS � E (1)

To define the initial number of components (initial estimates i), we
used both principal component analysis (PCA) and evolving factor anal-
ysis (EFA) with nucleotide fluorescence intensities at each position being
used as variables. PCA transforms the initial data into a new coordinate
system, and the number of components is determined by the amount of
variance explained (L. Smith, unpublished data). EFA on the other hand,
repeatedly applies PCA to sections of the data set starting from the first
two samples and subsequently adding the next one every run of the PCA

FIG 1 Flow diagram of the study. Boxes and circles represent processes and the data or materials obtained from them, respectively. At first, generated mixed
spectra were trimmed to ensure that each spectrum brings an equal amount of information into the system. Then these spectra were analyzed using principal
component analysis (PCA), evolving factor analysis (EFA), and multivariate curve resolution analysis with alternating least squares (MCR-ALS) to identify and
quantify common bifidobacterial species in the data set. Quantification was performed relative to both the Bifidobacterium group and the total bacterial load. The
B. longum group was resolved separately. Diversity was assessed using both taxon-based (UniFrac analysis based on MCR-ALS predictions) and taxon-
independent (based on mixed spectra) techniques. The co-occurrence of various bifidobacteria, as well as their persistence over time, was also evaluated. Also,
bifidobacteria were isolated from stool samples, and MLST analysis of several isolates was performed.

TABLE 1 Number of infants who were breast- and formula-fed and
who received solid food at 6 weeks, 4 months, and 1 year of age

Diet (no. of infants)

% infantsa receiving different diets

6 wk 4 mo 1 yr

Breast-feeding (84) 97.6 95.2 29.8
Formula feeding (84) 2.3 4.8 29.8
Combined (85) 10.6 21.2 55.3
Solids (87) NA 13.8 98.9
a Data are based on the questionnaire filled out by parents at 2 years. The total number
of infants in the study was 87. NA, not applicable.
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(17). In both cases, the number of suggested components, which is de-
fined based on the drop in eigenvalue, is used as the initial number of
components i for MCR-ALS.

Resolved spectra were then base called using an in-house-developed
program that works in MATLAB, the same programming environment in
which MCR-ALS is performed (Fig. 2C [the source code can be made
available upon request]). Identification of resolved components was then
performed using BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) searches
against the National Center for Biotechnology Information (NCBI) database.

Due to a high noise ratio in the T-channel, which could compromise

results of MCR-ALS analysis, the information on T nucleotides was ex-
cluded from all spectra prior to resolution and then reintroduced at the
base-calling stage. The validity of T-channel information removal was
tested using predefined mixtures of bifidobacterial strains. MCR-ALS res-
olution of spectra without information on T nucleotides was comparable
to that of spectra with information on all four nucleotides available (see
Table S1 in the supplemental material).

All of the analyses of sequence spectra were performed using MATLAB
R2010a software (The MathWorks, Inc., Natick, MA), Statistical and
Bioinformatics toolboxes for MATLAB. For EFA, PCA, and MCR-ALS

FIG 2 Simplified scheme of mixed sequence analysis. (A) Alignment of mixed sequences. All sequences have the same start and end, as well as a variable region
in the middle. (B) MCR-ALS. Pure spectra common for all (the majority of) samples and their relative amounts in each sample are identified. (C) Base calling of
pure MCR-ALS-resolved spectra. The nucleotide sequence of each of the pure resolved spectra is identified.
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analyses, PLS Toolbox v5.8 for MATLAB (Eigenvector Research, Inc.,
USA) was used.

Diversity measures. Nucleotide �-diversity was measured using a
modified Simpson’s index, calculated based on the fraction of each nucle-
otide’s fluorescence intensity at every position, normalized for the length
of the spectrum:

1 ⁄ cmixed �
�
i�1

n

(Gi)
2 � �

i�1

n

(Ai)
2 � �

i�1

n

(Ti)
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i�1

n

(Ci)
2

n
(2)

The rationale is that in case of a pure sequence, there is only one
nucleotide at each position (indexed by i), while in a very unified mixed
sample, each position would contain all four nucleotides, and their inten-
sity fractions would approach 0.25. To prevent misinterpretation based
on the variation in length of the sequence (n), the value is then normal-
ized. Furthermore, we consider the inverse relationship 1/cmixed to sup-
port the more intuitive interpretation: the higher the cmixed value, the
more mixed the sample is (1 corresponds to pure, not mixed, samples,
whereas a cmixed value of 4 is the maximum and indicates a uniform mix-
ture). In the case of bifidobacteria, however, the maximum of 4 will never
be achieved due to high GC content. Although the information from the
T-channel was noisy, we included these data into diversity measures anal-
yses, since the fluorescence intensity at each position was normalized to 1,
and abnormally high T-peaks would diminish the fraction of other nucle-
otides only in few positions.

To calculate individual diversity (i.e., the diversity within one individ-
ual), the raw mixed spectrum of each sample was used. The diversity
within the population was calculated based on the average spectrum for
each age group.

The �-diversity at various ages within individuals, as well as within the
whole population (using the average spectra for each age group), was
assessed using the modified Bray-Curtis dissimilarity index as follows:
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(3)

where Nki and Nkj denote the fluorescence intensity fractions of a given
nucleotide N at position k of the spectra belonging to ages i and j, respec-
tively. In the extreme case when there is no single position with a shared
nucleotide between the two sequences, the sum of the differences between
the fluorescence intensity fractions divided by the sum of the fractions
equals 1. When both sequences are the same, the similarity index equals 0.

For taxon-based assessment of diversity, we used UniFrac analysis (18)
of species composition predicted by MCR-ALS. We also calculated Simp-
son’s index of diversity and the Bray-Curtis dissimilarity index of MCR-
ALS-predicted bifidobacterial composition.

Temporal development. The percentage and development in time
were calculated relative to the Bifidobacterium group (MCR-predicted
percentages). However, these percentages only reflect within-group com-
position, not taking into account the abundance of bifidobacteria as a
whole compared to the other bacterial groups. In the previous study of 16S
rRNA amplicons of IMPACT samples (see Text S1 in the supplemental
material), one of MCR-ALS-resolved components was classified as Bifi-
dobacterium genus (see Table S2 in the supplemental material). Therefore,
using the information on relative abundance of bifidobacteria component
in the samples (see Table S3 in the supplemental material), we also recal-
culated the percentages of Bifidobacterium species relative to total bacte-
rial load. The significance of the change in the abundance between two
subsequent time points was calculated with the Friedman test, which is a
nonparametric version of two-way analysis of variance for repeated mea-
surements (MATLAB documentation, 2010). The null hypothesis was
rejected at the level of 5%.

Correlations in the amount of bifidobacteria. Pairwise comparisons
between relative amounts of bifidobacteria species at each age group were
performed using the Pearson correlation coefficient. To minimize false
significant correlations, results were adjusted for multiple testing within
each age category using the Bonferroni correction.

To test the correlations between the levels of every bacteria at two
subsequent time points, all values were binarized. Values higher than
mean abundance of a given bifidobacterial species at a particular point,
were marked as “high” values, and smaller values were marked as “low”
values. The co-occurrence of high and low values was tested using the
Fisher exact test.

Cloning. To ensure the correct identification of Bifidobacterium spp.
in the study cohort, we selected stool samples for the cloning of clpC
amplicons using a TOPO TA cloning kit (Invitrogen, USA) according to
the manufacturer’s instructions. The plasmid inserts from all positively
transformed Escherichia coli TOP10 colonies were then PCR amplified
using primer pairs specific for the vector and then sequenced with the clpC
primer following ExoI treatment.

Quantitative RT-PCR. The fractions of B. adolescentis, B. longum, B.
infantis, B. breve, B. bifidum, and B. dentium in 11 selected stool samples
relative to all Bifidobacterium spp. and to the total microbiota were quan-
tified by real-time PCR (RT-PCR) with the double-stranded DNA-spe-
cific EvaGreen fluorescent dye (Solis BioDyne, Estonia) using 16S-23S ITS
primer pairs specific for the named species and designed by Haarman and
Knol (19). Each quantitative PCR (qPCR; 20 �l) contained 5� HOT
FIREPol EvaGreen qPCR Mix (Solis BioDyne), 200 nM forward primer,
200 nM reverse primer, 1 �l of template DNA, and H2O. Initial denatur-
ation was performed at 95°C for 15 min, followed by 40 cycles of denatur-
ation at 95°C for 15 s, primer annealing at 60°C for 20 s, and elongation at
72°C for 20 s. PCR efficiency for each reaction was calculated using a linear
regression (20).

Isolation of bifidobacteria. Stool samples were diluted 10-, 100-, and
1,000-fold in 0.1% peptone water with the addition of L-cysteine (0.025%)
and sodium thioglycolate (0.025%), followed by incubation at 37°C for 4
h to aid the recovery of injured cells (21). Although higher dilution rates
are recommended, experiments are normally performed on fresh stool
samples; however, in the present study, stool samples were kept at �80°C
for up to 8 years. To create anaerobic conditions, Oxyrase for Broth (Oxy-
rase, United Kingdom) was added to each tube. After the initial incuba-
tion, diluted samples were streaked on Bifidobacterium agar plates (BD
Diagnostics, USA) and further incubated anaerobically at 37°C for 72 h.
After incubation, the plates were examined, and randomly selected colo-
nies were inoculated into liquid MRS medium (Merck, Germany) and
grown anaerobically at 37°C for 1 day.

Isolates were classified by sequencing of the clpC gene. We then se-
lected 13 isolates representing all identified species for MLST analysis
performed as described by Deletoile et al. (22).

Pyrosequencing data analysis. 16S rRNA amplicon pyrosequencing
data for stool samples from seven randomly selected mother-children
pairs were taken from a parallel study of IMPACT samples addressing the
total microbial composition (see Text S1 in the supplemental material).
Briefly, pyrosequencing data were processed using the QIIME pipeline
(23). Sequences were filtered, and chimeras were removed using
UCHIME algorithm (24) in addition to the ChimeraSlayer reference-
based method. Next, sequences were clustered at the 97% similarity level,
and the RDP classifier (25) was used to assign taxonomic identity to the
resulting operational taxonomic units (OTUs). We only present results
here based on clusters assigned to the Bifidobacteriaceae family. To obtain
relative estimates of various bifidobacterial species detected by pyrose-
quencing, OTUs were searched against the NCBI database using BLAST.
All of those assigned to a certain bifidobacterial species were grouped
together, and their relative abundances were recalculated.

Ethical Committee approval. The Regional Committee for Medical
Research Ethics for Central Norway approved the study (reference num-
ber 120-2000). The study was approved by the Norwegian Data Inspec-
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torate, granting license to process personal health data, and one of the
parents of each child signed a written informed consent form (reference
number 2003/953-3 KBE/-). The Current Controlled Trials registration
number is ISRCTN28090297.

RESULTS
Diversity determined directly from the mixed sequence spectra.
Nucleotide diversity analysis of the raw mixed spectra (average
length of 221 bp) by determination of modified Simpson’s �-di-
versity index showed that the diversities both within individuals

and within the population ranged from mean of 1.6 (standard
deviation of 0.19) to 1.7 (0.14) and from 1.7 to 1.9, respectively,
throughout the whole duration of the study, with 1 corresponding
to pure samples and 4 corresponding to the most mixed spectra.
The maximum diversity was observed in stool samples from
adults (Fig. 3). Immediately after birth, the nucleotide diversity
significantly decreased (P � 0.0016) and remained unchanged up
to the age of 4 months. Interestingly, from 4 months to 1 year, the
diversities both within individuals and within the study popula-
tion increased. However, the diversity did not change from 1 to 2
years of age.

The Bray-Curtis �-diversity index revealed high variability of
sequence spectra between subsequent time points within individ-
uals (Fig. 4A). The highest similarity, in this case, was detected
between the two pregnancy stages (0.08 [0.03]), whereas the high-
est dissimilarity was detected between mother-newborn pairs
(0.14 [0.05]) and in the period from 4 months to 1 year (0.13
[0.05]). No significant difference between matching mother-new-
born pairs and nonmatching mother-newborn pairs was detected.
The similarity of the population average, however, was much
higher, with the Bray-Curtis index ranging from 0.02 for the pe-
riod between the two pregnancy stages up to 0.09 when comparing
the average mixed spectra from the age of 3 days to that of the
mothers in their late pregnancy stage. Clustering of the average
mixed sequence spectra, however, suggests a clear age-dependent
pattern of the bifidobacterial composition (Fig. 4B).

Resolution of mixed sequence spectra into species compo-
nents. To define the initial number of components to be resolved
by MCR-ALS from stool samples, we used both PCA and EFA.
Although iterative methods, such as EFA, are commonly recom-
mended for MCR-ALS analysis (16), the use of PCA also allows
identifying outliers, which are best excluded from data sets prior
to analysis. Both PCA and EFA analyses proposed six components

FIG 3 Modified Simpson’s index of nucleotide spectra diversity cmixed at var-
ious ages. Early pr and Late pr, early (8 to 20 weeks) and late (30 to 40 weeks)
pregnancy periods, respectively. Blue bars represent the average nucleotide
diversity for individuals with the standard deviation as shown, whereas red
bars represent the diversity of the average nucleotide intensity spectra for each
age category. The significance in difference between diversity indexes at two
subsequent time points was calculated with the Friedman’s test. **, P � 0.01.

FIG 4 Comparison of mixed sequence spectra. (A) Modified Bray-Curtis index of nucleotide similarity (BC) between the subsequent time points. E-L pr, period
between early (8 to 20 weeks) and late (30 to 40 weeks) pregnancy periods; L pr-3 d, comparison between 3-day-old newborns and their mothers during the late
pregnancy stage; 3 d-10 d, comparison between 3 and 10 days of age; 10 d-4 m, comparison between 10 days and 4 months of age; 4 m-1 y, comparison between
4 months and 1 year of age; 1 y-2 y, comparison between 1 and 2 years of age. Blue bars represent the average similarity indices of nucleotide intensity spectra
within every individual (with the standard deviation as shown), whereas red bars represent the similarity indices between the average nucleotide intensity spectra
for each age category. (B) Clustering of the average nucleotide intensity spectra.
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(see Fig. S3 in the supplemental material). However, when we
performed MCR-ALS analysis with six components, one of them
was poorly resolved, resulting in a longer nucleotide sequence
spectrum with many mixed peaks which were hard to interpret
(see Fig. S2 in the supplemental material). Therefore, we repeated
the MCR-ALS analysis with five components. All five components
were well resolved. The base-called components’ spectra were
identified by using the resulting sequence as a query in BLAST
searches against the NCBI nucleotide database (Table 2). These
components are further denoted by their closest matches in the
NCBI database, which are, for components 1 to 5, B. bifidum, B.
dentium, B. adolescentis, B. breve, and B. longum, respectively.

The nucleotide intensity of the residual, not extracted, spectra
was on average three times lower than that of the resolved com-
ponents. We then compared the residual spectral information
against the NCBI database using BLAST. The analysis revealed the
presence of such species as B. pseudolongum, B. longum suis, B.
magnum, B. mongoliense, B. scardovii, and B. asteroides. However,
in most cases, the hit length was low (�40 bp), indicating that
these sequences might rather come from uncharacterized bifido-
bacteria. There were 33 samples, mostly belonging to 3- to 10-day-
old newborns (see Fig. S1C in the supplemental material), which
had comparatively high residual MCR component (the score was
more than two times higher than the mean score of the residual
component). In 25 of these samples, the residual spectra did not
show any significant homology to known bifidobacterial species,
whereas in the others, B. adolescentis, B. breve, B. longum, B. cunic-
uli, and B. magnum were detected. Empirical evaluation of raw
spectra suggested that these residuals may reflect technical noise.
Despite the noise, the MCR prediction of the most prevalent com-
ponent in these samples corresponded to the lowest E-value
BLAST search hit for raw unresolved sequences.

These results suggest that there were five most commonly iden-
tified bifidobacteria species in the study cohort. However, other
species were also present and might have been present in high
relative amounts in some individuals, but they were not shared
among the majority of the samples.

Diversity analyses based on the resolved species compo-
nents. The species composition based on MCR predictions was
used as input in the taxon-based diversity analyses. In addition, we
included the sequence information from the residual component
representing a taxon. The Simpson’s diversity index showed high
correlation to that of the modified Simpson’s for the direct anal-
yses of the mixed sequence spectra (Pearson correlation coeffi-
cient � 0.49, P � 1.35 � 10�21). We also found high correlation
between the Bray-Curtis dissimilarity index based on the resolved
sequence components, and its modified version used for the anal-
yses of the mixed sequence spectra (Pearson correlation coeffi-
cient � 0.47, P � 1.34 � 10�10). Furthermore, the UniFrac clus-

tering supported the direct mixed sequence analyses, with a large
diversity at the individual level (see Fig. S4 in the supplemental
material).

Temporal changes in Bifidobacterium species composition.
There was a large variation between individuals at every age, and
the confidence levels for the mean varied from 0.6% up to 10 to
13% depending on the species and the age (see Table S4 in the
supplemental material). Based on the analysis of total 16S rRNA
gene content, bifidobacteria comprised 2% of total bacterial load
in adults. In newborns, it constituted nearly one-fourth of the
bacterial load, reaching the level of 60% by the age of 4 months
(Fig. 5B). Relative to total bifidobacteria, stool samples from preg-
nant women were predicted to be rich in the B. adolescentis, B.
longum, and B. bifidum group, whereas B. dentium was present in
smaller amounts, and B. breve was nearly absent (Fig. 5A). The
Friedman test revealed a significant decrease in the relative
amount of B. adolescentis (P � 0.0005) and increase of B. breve
(P � 0.0348) in stool samples of newborns compared to their
mothers. The B. longum group represented the majority of bifido-
bacterial load at 3 and 10 days after the birth, whereas B. breve was
the second most abundant species. Interestingly, B. breve sepa-
rated all 10-day-old infants in two distinct groups. In one group, it
accounted for �15%, whereas in the other it accounted for 	75%
of the bifidobacterial load. At 4 months of age, B. breve became the
most predominant species in stool samples. However, by the age
of 1 year, the percentage of B. breve decreased drastically (see Fig.
S5A in the supplemental material), and B. longum regained its
position as the most abundant group. Like adults, in children at 2
years of age, the majority of bifidobacterial load consisted of B.
adolescentis and B. longum, although, unlike adults, B. longum was
the most prevalent. B. bifidum comprised around one fourth of the
bifidobacterial load in adults and 1- to 2-year-old infants, whereas
in newborns and 4-month-old infants, its levels comprised to 9 to
15%.

Relative to the total microbial load, however, the amount of B.
adolescentis comprised ca. 1 to 2.5% during the whole duration of
the study (Fig. 5B), with the only significant difference in abun-
dance occurring between newborns and mothers (see Fig. S5B in
the supplemental material). There also was a significant fluctua-
tion in the relative amount of B. bifidum from 10 days to 1 year of
age, where it first increased up to 8% at 4 months (P � 0.0093) and
then decreased to ca. 3% by the age of 1 year (P � 0.0090) and
further down to 1.5%, still comprising twice as much of the bac-
terial load compared to adults (see Fig. S5B in the supplemental
material). The most pronounced changes, however, were detected
with regard to B. breve and B. longum. The relative amounts of B.
breve were found to vary significantly between subsequent time
points starting from 10 days on (see Fig. S5B in the supplemental
material). B. longum was also found at significantly higher levels in

TABLE 2 Lowest E-value BLAST search hits of MCR-ALS-resolved spectra sequences against the NCBI nucleotide databasea

MCR-ALS-resolved
spectrum

Sequence
length (bp)

Closest BLAST
search hit

GenBank
accession no. E value % identity

Component 1 221 B. bifidum DQ206821.1 1 � 10�102 98
Component 2 215 B. dentium AY722387.1 3 � 10�109 98
Component 3 219 B. adolescentis DQ238016.1 3 � 10�107 99
Component 4 216 B. breve AB437352.1 4 � 10�101 98
Component 5 221 B. longum AP010889.1 4 � 10�111 100
a Query coverage, 100%.
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10-day-old infants compared to those at 3 days of age (P �
0.0067). From 4 months to 1 year of age, however, it decreased
significantly (P � 0.0112; see Fig. S5B in the supplemental mate-
rial).

Co-occurrence of bifidobacterial species. Pairwise compari-
sons of the bifidobacterial co-occurrence revealed that in adult-
hood, as well as in 2-year-old children, there was a negative cor-
relation between the amount of B. adolescentis and B. longum (P �
2.27 � 10�7, P � 4.6 � 10�5, and P � 1.77 � 10�10 for early

pregnancy, late pregnancy, and 2 years, respectively; Fig. 6A). In
newborns and 4-month-old infants, on the other hand, a negative
correlation between B. breve and B. longum (P � 8.37 � 10�5, P �
7.12 � 10�7, and P � 1.8 � 10�17 for 3 days, 10 days, and 4
months, respectively) was detected (Fig. 6B). Interestingly, in
1-year-olds, negative correlations both between B. adolescentis
and B. longum (P � 0.007) and between B. longum and B. breve
(P � 0.048) was detected.

Correlations between the changes of bifidobacterial species

FIG 5 Bifidobacterium species composition in stool samples of infants (from 3 days to 2 years of age) and their mothers during pregnancy (pr) based on the results
of MCR-ALS analysis relative to the bifidobacteria group (A) and relative to the total bacterial load (B).

FIG 6 Co-occurrence of five dominant bifidobacterial species. Ellipses represent correlations, detected more than in two various ages. Pink ellipses, correlations
detected between B. adolescentis and B. longum group; green ellipses, correlations detected between B. longum group and B. breve. (A) Mothers during early (8 to
20 weeks) and late (30 to 40 weeks) pregnancy stages, as well as in infants at 1 and 2 years of age. (B) Infants at 3 and 10 days and 4 months after the birth.
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loads from one to another time point were also detected. As such,
the change in the relative amount of B. longum from mother to
newborn was negatively correlated to that of B. breve. Fluctuations
between these two species loads were also negatively correlated
from 3 to 10 days of age and further to 4 months, 1 year of age, and
2 years of age (see Fig. S6 in the supplemental material). The
change in the relative amount of B. longum from 1 to 2 years was
also negatively correlated to that of B. adolescentis (see Fig. S6 in
the supplemental material).

Mode of delivery and diet effects. Due to high frequency of
vaginal delivery, we were unable to test differences in bifidobacte-
rial composition which might have been caused by mode of deliv-
ery. For the same reasons, the effect of breast-feeding versus for-
mula feeding could not be investigated. The only factor we could
test was solid food (rice, corn, and wheat) consumption at 4
months. Using two-sided permutation test with 106 permuta-
tions, we did not find any significant difference in relative
amounts of bifidobacterial species (P � 0.11, P � 0.74, P � 0.14,
P � 0.84, and P � 0.85 for B. bifidum, B. dentium, B. adolescentis,
B. breve, and B. longum, respectively).

Resolution of B. longum group. Most of the nucleotide vari-
ation in clpC gene amplicons between B. longum subsp. longum
and B. longum subsp. infantis is located downstream from the part
of the clpC gene that was used for the MCR-ALS resolution. There-
fore, to distinguish between B. longum subspecies, we designed a
specific sequencing primer that binds closer to a variable site be-
tween B. longum subsp. longum and B. longum subsp. infantis (see
Table S5 in the supplemental material). By resequencing clpC gene
amplicons with this primer, B. longum was detected in 80% of all
samples. We then binarized MCR-ALS predictions on the abun-
dance of B. longum group in stool samples as present or absent and
compared the data to resequencing results obtained with B.
longum specific primer. In total, there was a high correlation be-
tween MCR-ALS predictions and resequencing data (according
chi-squared analysis, 
2 � 28.58 and P � 8.99 � 10�8). Interest-
ingly, all of the obtained sequences were pure. Sequences with a
similar nucleotide variation pattern were aligned together, and the
consensus sequence of the alignment was queried against the
NCBI nucleotide database using BLAST. Four separate clusters
were identified. The largest cluster belonged to B. longum subsp.
longum, comprising 251 sequences. The second largest cluster
comprised 12 sequences, belonging to B. longum subsp. infantis,
whereas the third cluster, containing 5 sequences, comprised se-
quences that strongly resembled B. longum group but could not be
assigned to either B. longum subsp. longum or B. longum subsp.
infantis. Two sequences belonging to this cluster showed the clos-
est homology to B. longum subsp. suis. One of the clusters, com-
prising 8 sequences, could not be assigned to any of the B. longum
group species. In samples obtained from individuals both during
pregnancy and right after birth, only B. longum subsp. longum was
identified. Most of the B. longum subsp. infantis sequences were
characteristic for children aged 4 months; there was only one baby,
in whom it was detected earlier, and only two children where it
persisted up to 1 year of age. By the age of 2 years, B. longum subsp.
longum was found in 59 of 61 children in whom B. longum group
was detected (see Fig. S7 in the supplemental material).

Validation of bifidobacterial species composition. To assess
the ability of MCR-ALS analysis to resolve five-species mixtures,
we verified the method using predefined mixtures of five bifido-
bacterial species (B. bifidum DSM20456, B. dentium DSM20436,

B. adolescentis DSM20083, B. breve DSM20213, and B. longum
subsp. longum DSM20219). In general, there was 83 to 97% cor-
relation between actual mixture composition and that predicted
by MCR-ALS (see Table S1 in the supplemental material).

To evaluate the MCR resolution for the stool sample, we se-
lected 13 samples for the cloning-based analysis of bifidobacterial
diversity. Sequencing of cloned inserts from these samples con-
firmed the presence of species predicted by MCR (see Table S6 in
the supplemental material). All cloned inserts shared 98 to 99%
identity to the corresponding reference sequences deposited in
GenBank. In one sample, B. animalis was detected, and the anal-
ysis of the sample’s residual spectral information, not resolved by
MCR, confirmed the findings. Representative sequences of cloned
inserts from all identified bifidobacterial species were deposited in
GenBank (accession numbers JQ288967 to JQ288972).

We have previously estimated the relative amounts of B. breve
and B. longum in the same stool samples by RT-PCR (5). When we
compared MCR predictions for these species to those from ob-
tained RT-PCR, there was a high correlation between the esti-
mates (
2 � 149.32 [P � 2.44 � 10�34] and 
2 � 16.75 [P �
4.26 � 10�5] for B. breve and B. longum, respectively). For the
comparison, we binarized all of the data as high or low values
based on the mean value and performed the chi-squared test. To
verify MCR predictions with regard to all detected bifidobacterial
species, we then analyzed 11 samples using RT-PCR with 16S-23S-
ITS-region-targeting primers, specific for B. bifidum, B. dentium,
B. longum subsp. longum, B. longum subsp. infantis, B. breve, and
B. adolescentis. The relative composition revealed by RT-PCR am-
plification significantly correlated to that predicted by MCR-ALS
(Pearson correlation coefficient � 0.76, P � 8.0·10�12; see Fig. S8
in the supplemental material). However, in four samples, the
composition predicted by MCR was more diverse. In particular, B.
dentium and B. bifidum were nearly absent according to RT-PCR.
We then performed RT-PCR analysis on DNA isolated from pure
bacterial cultures of B. bifidum (DSM20456) and B. dentium
(DSM20436). Both of these species were detected only after 30
cycles, whereas with a universal bacterial primer pair they were
detected on the 15th cycle. In silico PCR analysis (http://insilico
.ehu.es/PCR/) of B. bifidum PRL2010, B. bifidum S17, and B. den-
tium Bd1 genome sequences with ITS-targeting primer pairs spe-
cific for the given species failed to produce any PCR product in
silico. This may indicate that B. bifidum and B. dentium primer
pairs target regions not universally conserved among all of the
species strains.

We have previously analyzed stool samples from seven moth-
er-child pairs using deep 454 sequencing of 16S rRNA amplicons
(see Text S1 in the supplemental material). To compare MCR
predictions to pyrosequencing findings, we extracted the informa-
tion on bifidobacterial OTUs, grouped them according to the as-
signed bifidobacterial species, and calculated their relative abun-
dances. In general, there was a significant correlation between
MCR predictions and pyrosequencing data (Pearson correlation
coefficient 0.60, P � 2.11 � 10�15; see Fig. S9 in the supplemental
material). There was not a single OTU identified as B. adolescentis.
We therefore reanalyzed the raw unfiltered data, and we found
that sequences with high homology to B. adolescentis were re-
moved from the final data set during the chimera filtering proce-
dure. However, we were unable to introduce the information
about these sequences to the final pyrosequencing data set.

We also isolated Bifidobacterium species from nine stool sam-
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ples belonging to 4-month-old infants. Sequencing of clpC gene
PCR products revealed that isolates belong to B. longum subsp.
infantis, B. longum subsp. longum, B. adolescentis, B. breve, and B.
animalis corresponding well with qualitative predictions of MCR
analysis on expected bifidobacterial species. We then selected 13
isolates for MLST analysis (22). However, in addition to clpC gene,
we managed to amplify only four genes (fusA, GTP-binding pro-
tein chain elongation factor EF-G; ileS, isoleucyl-tRNA synthe-
tase; rplB, 50S ribosomal subunit protein L2; and gyrB, DNA gy-
rase, subunit B). Apart from the gyrB and fusA genes, which had
very low resolution (see Fig. S13 and S14 in the supplemental
material), clustering of sequences with all known profile se-
quences of a given gene corresponded to the expected clpC-gene
based species delineations (see Fig. S10 to S12 in the supplemental
material). Representative sequences of bifidobacterial isolates
were deposited in GenBank (accession numbers JQ288937 to
JQ288965).

DISCUSSION

Despite a major interest in bifidobacteria, there is still some incon-
sistency in the literature with regard to bifidobacterial loads in the
human intestine. Estimates of bifidobacterial load in adults range
from ca. 4% (26) up to 15% of the total gut microbiota (3). For
infants, the range is higher. Some researchers suggest that this
genus reaches up to 90% of the total microbiota (27, 28), whereas
others claim much lower abundances (ca. 1 to 2%) of these species
among infants (29). The inconsistencies in the literature may be
due to both methodological differences in identifying the species
(28, 30, 31) and the lack of precision among small study popula-
tions.

In our study, bifidobacteria comprised ca. 2% of the total bac-
terial load in adults, whereas the peak of its abundance was ob-
served in 4-month-old infants, when this bacterial group consti-
tuted ca. 60% of intestinal microbiota. To our knowledge, our
study with 87 mothers and their infants represents the largest
comprehensive (including all bifidobacterial species) temporal
study of natural development of bifidobacteria within a cohort
thus far. Due to the large variation between individuals, and also
taking into account the high frequency of missing data in longitu-
dinal human study cohorts, we believe it is essential to analyze
large cohorts.

Clustering of the population average mixed sequence spectra
indicates that the system seems to be very structured, with signif-
icant differences between various ages. Analyses of mixed se-
quence spectra information at the individual level (UniFrac clus-
tering), however, revealed only minor age-related patterns, apart
from the cluster comprising the majority of stool samples from
pregnant women and 2-year-old children. As illustrated both by
Simpson’s diversity index, the Bray-Curtis similarity index, and
the information extracted from the residual spectra, there are large
individual variations in the composition. This individuality prob-
ably brings the “noise” into the system and makes it difficult to
deduce structured information when comparing every single in-
dividual with one another.

B. bifidum is predicted to possess lacto-N-biosidase and ga-
lacto-N-biosidase activity, enabling it to ferment human milk oli-
gosaccharides (32). However, its relative abundance compared to
other Bifidobacterium groups was higher in adults and 2-year-old
children than in newborns and 4-month-old infants. On the other
hand, relative to the total bacterial load, this group of bacteria

exhibited peak abundance at 4 months, when most infants were
breast-fed, and became nearly absent in 2-year-olds and adults.
These observations suggest that B. bifidum is less affected by the
total reduction of bifidobacteria with age. It has been demon-
strated that B. bifidum is capable of utilizing host-derived glycans
(33, 34), which we believe may partially explain the observed sta-
bility of this species. The levels of B. dentium remained nearly the
same regardless of host age, also pointing to stability of this spe-
cies. If B. dentium is commonly present in the mouth, then it
would most likely be transferred constantly to the intestines with
food and then excreted. The levels of B. dentium detected, how-
ever, suggest growth of this species in the gut lumen.

B. breve was nearly absent in adults, whereas in newborns and
4-month-old infants it was, on average, the second most abundant
bifidobacterial group both relative to the bifidobacterial and total
bacterial loads. Interestingly, with regard to the amount of B.
breve, all 10-day-old infants were separated into two groups: (i)
infants where B. breve constituted up to 15% of the bifidobacterial
load, and (ii) infants where it accounted for 	75% of the bifido-
bacterial load. B. breve was shown to be an efficient inducer of
serum IgA (35), a main immunoglobulin found in mucous secretion
of intestinal and respiratory tract (36), which averts penetration of
pathogenic microorganisms by preventing their adsorption to mu-
cosal epithelium. Therefore, in the future it would be very inter-
esting to investigate whether such a huge gap in B. breve abun-
dance has a host-related cause or can be explained by bacterial
competition. At 4 months, the difference in B. breve abundance
was smaller, since all of the infants had quite high numbers of this
species. B. breve is regarded to be a very important species during
the weaning period, since all of the tested strains possess the gene
encoding amylopullulanase, the enzyme responsible for starch
degradation (37). Because nearly half of infants at this age in the
study cohort were given starch containing solid food, we could
address the question of whether or not starch consumption would
increase B. breve fraction. However, we did not detect a significant
difference in the relative amount of this species between infants
who were given solid food and those who were not. This may
indicate that, apart from starch, there are probably other factors
that promote B. breve at 4 months.

The human gut is a very densely populated site with interac-
tions between numerous microorganisms (38), potentially lead-
ing to intricate correlation patterns. We believe that it is crucially
important to identify correlation patterns between various bacte-
ria, since this will very likely lead to a better understanding of
disease development and health maintenance in individuals. In a
recent study by Turroni et al. (28), the researchers noticed under-
lying interactions between bifidobacteria, although the number of
individuals was too low to obtain more precise information. In
our work, we could find two distinct patterns of correlation sepa-
rating all seven ages into two major groups (Fig. 6). Adult-profile
correlations comprised stool samples from adults, as well as from
1- and 2-year-old children. Infant-profile correlations comprised
stool samples from newborns and 4-month-old infants. Negative
correlations between the numbers of the B. adolescentis and B.
longum groups were characteristic of the adult profile. At the same
time, in pregnant women, there was also a negative correlation
between B. adolescentis and B. breve, which only reappeared in
children at the age of 2 years, also indicating that by the age of 1
year the development of Bifidobacterium species is not completely
finished. For the infant profile, on the other hand, a negative cor-
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relation between the B. longum group and B. breve was detected.
Starting from 3 days of age and up to 4 months, in infants who had
a low amount of B. breve, B. longum accounted for ca. 70% of the
load, whereas in those who had high B. breve levels, B. longum was
nearly absent.

Within both adult and infant profiles, B. longum comprised
one of the central groups for which correlations were detected.
This stability of the group regardless of the changes in the gut
indicates the high competitiveness of B. longum and its vast ability
to adjust to various conditions. All sequences obtained from stool
samples with the specific B. longum group primer were pure. Both
during pregnancy and right after the birth, only B. longum subsp.
longum was identified in stool samples (see Fig. S7). This is in
accordance with a recent model suggesting the transmittance of B.
longum subsp. longum from mother to child (39). B. longum
subsp. infantis was detected only in 12 samples, mostly belonging
to 4-month-old infants, which might indicate horizontal trans-
mittance of these bacteria. In the children who had B. longum
subsp. infantis at 4 months of age, B. longum subsp. longum was
detected earlier and later in life, suggesting a competition between
the two subspecies. Genomic analysis of these two subspecies has
revealed that B. longum subsp. longum, although able to ferment
HMOs, is more suited for the fermentation of plant-derived oli-
gosaccharides, whereas B. longum subsp. infantis harbors break-
down machinery for milk-derived oligosaccharides (40, 41).

In conclusion, our analyses of a large unselected cohort re-
vealed structured age-related successions of bifidobacteria and
correlations between the species of this genus within the popula-
tion. We also showed that the B. longum group is probably one of
the most central bifidobacteria in the human gut with respect to
the correlation networks. In the future, it will be very interesting to
determine whether the development patterns and correlations re-
vealed here are also valid for populations in other geographical
regions. At the same time, it will also be important to address the
mechanisms of Bifidobacterium transmittance and the biological
role of Bifidobacterium spp. in the human gut.
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