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Manuela Centanni’, Silvia Turroni’, Elena Biagi', Marco Severgnini?, Clarissa Consolandi?,
Patrizia Brigidi' & Marco Candela’

"Department of Pharmacy and Biotechnology, University of Bologna, Bologna, Italy; and “Institute of Biomedical Technologies — Italian National

Research Council, Milan, Italy

Correspondence: Marco Candela,
Department of Pharmacy and Biotechnology,
University of Bologna, Bologna, Italy. Tel.:
+39 051 2099727, fax: +39 051 2099734,
e-mail: marco.candela@unibo.it

Received 6 February 2013; revised 11 March
2013; accepted 20 March 2013. Final version
published online 15 April 2013.

DOI: 10.1111/1574-6968.12138

Editor: Abelardo Margolles

Keywords

gut microbiota; breast-fed infants;
Bifidobacterium.

Introduction

Selected by human milk oligosaccharides (HMOs; Korop-
atkin et al., 2012), bifidobacteria traditionally have been
considered a dominant component of the gut microbiota
of breast-fed infants (Klijn et al., 2005). Although the
early culture-independent studies of the infant microbiota
provided controversial results (Palmer et al., 2007; Roger
et al., 2010), the most recent microbiota surveys, based
on next-generation 16S rRNA gene sequencing and shot-
gun metagenomics, unequivocally demonstrated that Bifi-
dobacteria are a predominant constituent of the gut
microbiota of breast-fed infants, constituting 50-80% of
the total microbiota in the first year of life (Jost ef al.,
2012; Turroni et al., 2012; Yatsunenko et al., 2012). There
is a growing recognition that the gut microbiota of
infants is fundamental for the normal development of the
immune system (Johnson & Versalovic, 2012; Olszak
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Abstract

The High Taxonomic Fingerprint (HTF)-Microbi.Array is a fully validated phy-
logenetic microarray platform for a high taxonomic level characterization of
the human gut microbiota. However, suffering from PCR-dependent biases in
Bifidobacterium quantification, this tool is less appropriate when utilized for
the characterization of the Bifidobacterium-dominated gut microbiota of breast-
fed infants. To overcome this, we implemented a new combined approach
based on HTF-Microbi.Array and qPCR for a reliable fingerprint of the infant-
type microbiota. This methodology was applied in a preliminary comparative
study of the faecal microbiota of eight breast-fed infants, aged 2—6 months,
and five young adults. Whereas the adult gut microbiota was largely dominated
by Firmicutes and Bacteroidetes, the infant-type community was mainly domi-
nated by Bifidobacterium, with Enterobacteriaceae as the second dominant com-
ponent. In accordance with the most recent literature in the field, the obtained
microbiota fingerprints properly depicted the adult- and the infant-type micro-
biota, demonstrating the reliability of the HTF-Microbi.Array/qPCR combined
approach in reflecting the peculiarities of the two intestinal microbial
ecosystems.

et al., 2012). Merging the well known immune-modula-
tion properties (Fanning et al., 2012) with the capacity to
inhibit enteropathogen growth (Fukuda et al., 2011), Bifi-
dobacteria possess the functional requisites to establish an
intense — but controlled — immunological cross-talk with
the developing gut-associated lymphoid tissue (GALT) of
infants, driving the proper maturation of the host
immune system (Maynard et al., 2012; Schwartz et al.,
2012). Thus, the maintenance of a healthy and Bifidobac-
terium-dominated developmental trajectory of microbiota
during infancy is strategic for the immunological well-
being, with a strong impact on health throughout life
(Hooper & Macpherson, 2010). Extended deviations from
this trajectory can compromise the process of immune
education, leading to an immune system inclined to
inappropriate activation (Ehlers & Kaufmann, 2010;
Maynard ef al., 2012). This justifies the monitoring and
characterization of deviations from the healthy and
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Bifidobacterium-dominated developmental trajectory of
the gut microbiota in infants, and also of the develop-
ment of chronic inflammatory diseases (Bisgaard et al,
2011).

The HTF-Microbi.Array (Candela et al., 2010) is a fully
validated phylogenetic microarray platform which allows
the detection and quantification of up to 31 intestinal
bacterial groups, covering up to 95% of the human intes-
tinal microbiota (Candela et al, 2012). Although the
HTF-Microbi.Array has been revealed as a robust, cheap
and fast tool for the high taxonomic level fingerprint of
the adult-type human intestinal microbiota (Candela
et al., 2010, 2012; Maccaferri et al., 2012), it suffers from
the typical PCR-dependent bias in bifidobacterial quanti-
fication (Hattori & Taylor, 2009), resulting in a substan-
tial underestimation of members of this group (Candela
et al., 2010). This limit makes the HTF-Microbi.Array less
appropriate when applied to the characterization of the
Bifidobacterium-dominated gut microbiota of breast-fed
infants, a limit that becomes of particular relevance con-
sidering the strategic roles played by this microbial group
in infant health. To overcome this limit, we propose a
combined approach based on HTF-Microbi.Array and
qPCR, allowing a reliable estimation of the Bifidobacteri-
um-dominated gut microbiota of breast-fed infants. The
new approach was used in a preliminary comparative
analysis of the faecal microbiota of eight breast-fed
infants aged 2-6 months and five young adults.

Materials and methods

Enrolment

Eight breast-fed, genetically unrelated, healthy infants aged
2—-6 months were enrolled in this study in the Bologna
metropolitan area and surroundings, Italy. The study
protocol was approved by the Ethics Committee of
S. Orsola-Malpighi University Hospital (Bologna, Italy).
Written informed consent from both parents of each
infant was obtained. Exclusion criteria were the adminis-
tration of antibiotics or probiotics or prebiotics within
3 months prior to the sampling. Faeces were collected by
parents directly from diapers by means of spoon-equipped
sterile tubes, stored at 4 °C, and delivered to the research
group within 24 h and immediately processed.

Faecal slurry preparation and DNA extraction

Fresh faecal samples were diluted 1 : 2 (w/v) in ice-cold
Dulbecco’s modified Eagle’s medium (DMEM) and
homogenized in a Stomacher blender (VWR International
PBI, Milan, Italy) for 2 min at high speed, until uniform
consistency was obtained. Total microbial DNA from
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faecal slurries was extracted using QIAamp DNA Stool
Mini Kit (Qiagen, Hilden, Germany), following the
modified protocol reported by Candela et al. (2010).
DNA concentration and quality were evaluated using
NanoDrop ND-1000 (NanoDrop Technologies, Wilming-
ton, DE).

HTF-Microbi.Array analysis

For this study we employed the ligase detection reaction-
universal array (LDR-UA) platform HTF-Microbi.Array
(Candela et al., 2010). Based on LDR, this platform relies
on the discriminative properties of the DNA ligation
enzyme, which catalyzes the ligation of the two adjacent
probes specific for each target sequence only in the pres-
ence of a perfectly matching template (Castiglioni et al,
2004). A nearly full-length portion of 16S rRNA gene was
amplified using universal forward primer 27F and reverse
primer 1492R, according to the protocol described by
Candela et al. (2010). PCR amplifications were performed
in a Biometra Thermal Cycler T Gradient (Biometra,
Gottingen, Germany). PCR products were purified using
the High Pure PCR Cleanup Micro kit (Roche, Mann-
heim, Germany), eluted in 30 pL of sterile water and
quantified with NanoDrop ND-1000. Slide chemical treat-
ment, array production, LDR protocol and hybridization
conditions were performed as previously reported (Casti-
glioni et al., 2004; Consolandi et al., 2006). Briefly, LDR
reactions were carried out in a final volume of 20 pL
containing 500 fmol of each LDR-UA HTF-Microbi.Array
probe (Candela ef al., 2012), 50 fmol of PCR product
and 25 fmol of the synthetic template (5'-AGCCG
CGAACACCACGATCGACCGGCGCGCGCAGCTGCAGC
TTGCTCATG-3'). LDR products were hybridized on Uni-
versal Arrays, setting the probe annealing temperature at
60 °C. All arrays were scanned and processed according
to the protocol and parameters already described by
Candela et al. (2010).

Evaluation of Bifidobacterium relative
abundance by quantitative PCR

qPCR assays were performed in a LightCycler instrument
(Roche). SYBR Green I fluorophore was used to correlate
the amount of PCR product with the fluorescent signal.
Absolute quantification of Bifidobacterium population was
carried out with the xfp-fw/xfp-rev (Jost et al., 2012) pri-
mer set, targeting the xylulose-5-phosphate/fructose-
6-phosphate phosphoketolase gene. Total bacteria were
quantified using the 8F/338R primer set targeting the 16S
rRNA gene (Koenig ef al., 2011) (Table 1). For quantifi-
cation, standard curves were generated with known
amounts of genomic DNA from Bifidobacterium animalis
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Table 1. Primer sets used for quantification of Bifidobacterium population and total bacteria by gPCR. Primer sequences, amplicon size,

annealing and fluorescence acquisition temperature are reported

Fluorescence

Annealing acquisition
Product temperature temperature
Target group Name Sequence (5’ to 3') size (bp) (°C) (°C) Reference
Bifidobacterium spp. xfp-fw ATCTTCGGACCBGAYGAGAC 235 64 89 Jost et al. (2012)
xfp-rv CGATVACGTGVACGAAGGAC
Total bacteria 8F AGAGTTTGATCCTGGCTCAG 350 60 87 Koenig et al. (2011)
338R CTGCTGCCTCCCGTAGGAGT

ssp. lactis BI07 and Escherichia coli K12 for bifidobacteria
and total bacteria, respectively. Amplifications were
performed in a 20 pL final volume containing 100 ng of
faecal DNA, 0.5 UM of each primer and 4 pL of Light-
Cycler-FastStart DNA Master SYBR Green I (Roche). The
following PCR cycle was used: (1) initial preincubation at
95 °C for 10 min; (2) 40 cycles of four steps each at the
temperature transition rate of 20 °C s~ ': denaturation at
95 °C for 15 s, annealing at the appropriate temperature
(Table 1) for 25 s, extension at 72 °C for 20 s, fluores-
cence acquisition at the appropriate temperature
(Table 1) for 5 s; (3) melting curve analysis. The relative
abundance (rel. ab.) of Bifidobacterium was calculated as
a percentage of the total bacterial content.

Data analysis

Fluorescence intensities were normalized on the basis of
the synthetic ligation control signal as reported by Can-
dela et al. (2012). Relative abundance of each bacterial
group was obtained by calculating the relative fluores-
cence contribution of the corresponding HTF-Microbi.
Array probe as a percentage of the total fluorescence.
Correlation between variables was calculated by Pearson
product moment correlation coefficient. Statistical analysis
was carried out using SIGMASTAT v. 3.5 (Systat Software
Inc, San Jose, CA).

Results and discussion

The faecal microbiota of eight breast-fed healthy infants
aged 2-6 months was characterized by means of the
HTF-Microbi.Array platform, as previously described
(Candela et al., 2012). Hybridization data depicted an
infant-type microbiota largely dominated by Enterobacte-
riaceae (mean rel. ab. 28%) and members of the Bactero-
ides/Prevotella group (mean rel. ab. 23%), with
Clostridium clusters IX and XIVa and Enterococcales as
subdominant components (mean rel. ab. 12%, 4% and
7%, respectively). Bifidobacteria showed a mean rel. ab.
slightly above 1%, appearing to be only a minor compo-
nent of the ecosystem, confirming the PCR-dependent
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bias in the detection of Bifidobacteria of the HTE-
Microbi.Array (Candela et al., 2010). To overcome this
bias in bifidobacterial quantification, particularly relevant
when studying infant-type microbiota, we implemented a
new approach based on the association of the HTF-
Microbi.Array with a qPCR protocol designed to specifi-
cally quantify the rel. ab. of Bifidobacterium. This new
combined approach was utilized to re-characterize the
faecal microbiota of the eight breast-fed healthy infants
enrolled in the study. At first, QPCR was used to quantify
both Bifidobacteria and total bacteria in each faecal
sample, allowing us to obtain a value of rel. ab. of the
Bifidobacterium population (Table 2). Subsequently, for
each faecal sample the non-bifidobacterial fraction was
characterized using the HTF-Microbi.Array, with the
exclusion of the probes targeting Bifidobacteria. For each
of the HTF-Microbi.Array probes, the relative contribu-
tion of fluorescence intensity was adjusted proportionate
to the value corresponding to the rel. ab. of the non-
bifidobacterial population determined by qPCR. In
Fig. la we reported the high taxonomic level fingerprint

Table 2. gPCR quantification of the relative abundances of the
bifidobacterial and non-bifidobacterial population in the faecal
microbiota of infants and adults

Relative abundance (%)

Bifidobacterial Non-bifidobacterial

Subject population population
Infants 31T 58.25 41.75

8AF 29.52 70.48

8PS 49.29 50.71

ANG 41.82 58.18

2SA 8.79 91.21

6CF 16.60 83.40

603 48.67 51.33

704 26.73 73.27
Adults A 1.87 98.13

C 2.97 97.03

D 0.00 100.00

E 1.69 98.31

F 0.17 99.83
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Fig. 1. High taxonomic level fingerprint of the faecal microbiota of breast-fed infants (a) and adults (b). Relative abundances of the major gut
microbial groups were determined using the HTF-Microbi.Array/qPCR combined methodology. The relative contribution of the bifidobacterial
fraction was derived from gPCR data, and the relative contribution of each of the HTF-Microbi.Array probes was adjusted proportionally to the
value corresponding to the relative abundance of the non-bifidobacterial population obtained by gPCR.

of the faecal microbiota of the breast-fed infants carried
out applying the HTF-Microbi.Array/qgPCR combined
methodology. The obtained fingerprints reflected well the
data reported in the most recent 16S rRNA gene surveys
of the infant-type microbiota (Jost et al., 2012; Turroni
et al.,, 2012; Yatsunenko et al., 2012). In fact, all infants
showed a Bifidobacterium-dominated microbiota with rel.
ab. ranging from 9% to 58% (mean 35%). Enterobacteriaceae
were the second most predominant component of the
infant gut microbiota (mean rel. ab. 21%) and, together
with Bifidobacterium, accounted for the majority of the
gut microbial community. Bacteroides/Prevotella and
Firmicutes represented subdominant groups, together
accounting for 32% of the total community. Firmicutes
mainly comprised Clostridium cluster IX (mean rel. ab.
11%). Clostridium cluster XIVa, Enterococcales, Lactoba-
cillaceae and Bacillaceae were only minor components of
the microbiota of breast-fed infants, showing a mean rel.
ab. of 4%, 4%, 3% and 2%, respectively. Interestingly, a
trend (P = 0.07) towards an inverse correlation between
Bifidobacterium and Bacteroidetes in the gut of breast-fed
neonates was observed, analogous to that demonstrated
by Jost et al. (2012). According to the authors, the indi-
vidual proportion  Bifidobacterium/Bacteroidetes may
reflect differences in the composition of the maternal
inoculum or may be the result of differences in the nutri-
tional composition of the breast milk.
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To validate the new combined HTF-Microbi.Array/
qPCR approach, the faecal microbiota of five healthy
adults aged between 30 and 40 years was also character-
ized (Table 2, Fig. 1b). The obtained microbiota profiles
well reflected the ‘gold standard’ of a healthy adult-type
intestinal microbiota (Turnbaugh et al., 2007; Costello
et al., 2009), largely dominated by Bacteroides/Prevotella
and Firmicutes, which together accounted for 90% of the
total community. Differently from what was observed in
breast-fed infants, Firmicutes were principally represented
by Clostridium clusters IV and XIVa (mean rel. ab. 30%
and 38%, respectively), whereas Clostridium cluster IX
was subdominant (mean rel. ab. 5%). Bifidobacteria were
only minor components of the gut microbiota of adults,
showing a rel. ab. of between 0.5% and 3% (mean rel. ab.
1.4%). These last data demonstrate the reliability of the
combined HTF-Microbi.Array/qPCR methodology, which
is capable of properly depicting the adult- and the infant-
type microbiota and reflecting the dramatic difference in
bifidobacterial abundance between these two ecosystems.
Since Bifidobacteria are considered a beneficial microbiota
component throughout our lives, the right assessment of
the bifidobacterial population size in the context of the
total gut microbial population is strategic in infants as
well as in adults and the elderly.

In conclusion, we have developed a new methodology
based on a combined HTF-Microbi.Array/qPCR approach
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that overcomes the limits of HTF-Microbi.Array in bifi-
dobacterial quantification without compromising the
detection of other bacterial groups. Recently, two alterna-
tive approaches based on 16S rRNA gene next-generation
sequencing have been specifically designed to optimize
the enumeration of Bifidobacteria in the gut microbial
community (Davis et al., 2011; Sim et al., 2012). While
the methodology developed by Sim et al. (2012) relies on
a ‘bifidobacterial optimized’ universal primer set and has
been applied in breast-fed infants, the approach devel-
oped by Davis et al. (2011) involves the addition of
Bifidobacterium-specific primers to the universal primer
set and has been used to describe the gut microbial com-
munity of adults. Both approaches provided data in gen-
eral agreement with the one we obtained in our study,
where we report a mean rel. ab. of Bifidobacterium in
about 50% in infants (Sim et al., 2012) and 2% in adults
(Davis et al., 2011). Although it has a lower phylogenetic
resolution than 16S rRNA gene next-generation sequenc-
ing, our HTF-Microbi.Array/qPCR dual approach is a fast
and easy-to-use method for a reliable characterization of
the Bifidobacterium-dominated gut microbiota of breast-
fed infants, and may represent a cheap and robust tool,
possibly complementary to next-generation sequencing,
for the rapid screening of the high taxonomic level profile
of intestinal microbiota in infants. Leading to an immune
system inclined to inappropriate activation (Maynard
et al., 2012; Johnson & Versalovic, 2012), dysbioses of the
gut microbiota during our infancy, for instance the pro-
tracted reduction of the bifidobacterial fraction (Edwards
& Parrett, 2002; Vael & Desager, 2009), have been associ-
ated recently with the emergence of systemic disorders
later in life, appearing as allergies, obesity and type 2
diabetes (Isolauri, 2012). From this perspective, the
combined HTF-Microbi.Array/qPCR approach can be a use-
ful tool for wide epidemiological perspective surveys of the
gut microbiota aimed to strengthen associations between the
developmental trajectory of the infant microbiota and
health later in life.
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