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ABSTRACT Members of the bacterial genus Bifidobacterium generally dominate the
fecal microbiota of infants. The species Bifidobacterium longum is prevalent, but the
B. longum subsp. longum and B. longum subsp. infantis strains that are known to col-
onize the infant bowel are not usually differentiated in microbiota investigations.
These subspecies differ in their capacities to metabolize human milk oligosaccha-
rides (HMO) and may have different ecological and symbiotic roles in humans.
Quantitative PCR provides a quick analytical method by which to accurately ascer-
tain the abundances of target species in microbiotas and microcosms. However, am-
plification targets in DNA extracted from samples need to be dependably differen-
tial. We evaluated the tuf gene sequence as a molecular target for quantitative PCR
measurements of the abundances of B. longum subsp. infantis and B. longum subsp.
longum in fecal microbiotas. This approach resulted in the detection of a tuf gene
variant (operational taxonomic unit 49 [OTU49]) in Chinese infants that has se-
quence similarities to both B. longum subsp. infantis and B. longum subsp. longum.
We compared the genome sequence and growth and transcriptional characteristics
of an OTU49 isolate cultured in HMO medium to those of other B. longum subsp. in-
fantis cultures. We concluded from these studies that OTU49 belongs to B. longum
subsp. infantis, that dependable quantitative PCR (qPCR) differentiation between the
B. longum subspecies cannot be achieved by targeting tuf gene sequences, and that
functional genes involved in carbohydrate metabolism might be better targets be-
cause they delineate ecological functions.

IMPORTANCE High-throughput DNA sequencing methods and advanced bioinfor-
matics analysis have revealed the composition and biochemical capacities of micro-
bial communities (microbiota and microbiome), including those that inhabit the gut
of human infants. However, the microbiology and function of natural ecosystems
have received little attention in recent decades, so an appreciation of the dynamics
of gut microbiota interactions is lacking. With respect to infants, rapid methodolo-
gies, such as quantitative PCR, are needed to determine the prevalences and propor-
tions of different bifidobacterial species in observational and microcosm studies in
order to obtain a better understanding of the dynamics of bifidobacterial nutrition
and syntrophy, knowledge that might be used to manipulate the microbiota and
perhaps ensure the better health of infants.
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Bifidobacteria are commonly detected as predominant members of the bowel
microbiota of infants, especially during the exclusively milk-fed period of life (1–11).

The species Bifidobacterium longum is often detected in the infant fecal microbiota, but
B. longum is composed of three subspecies, two of which are represented in the infant
bowel (B. longum subsp. longum and B. longum subsp. infantis). Differentiation of B.
longum into subspecies is difficult using 16S rRNA gene sequences (6, 12), resulting in
relatively few reports of subspecies prevalences and abundances on a global scale (5,
11, 13). Knowledge of the occurrence and abundances of these subspecies is required
so that a concept of the multispecies ecology, especially trophic interactions, of the
bifidobacterial population of the infant bowel can be developed. Concept development
requires an understanding of the roles of the different bifidobacterial species and
subspecies in the infant bowel, how they form cooperative consortia, and how their
activities impact infant health. Rapid quantitative methodologies would quicken the
pace of this ecological research. Then, we may better understand the evolutionary
importance of the infant-bifidobacterium relationship (14–17).

Quantitative PCR (qPCR) provides a quick analytical method by which to accurately
ascertain the abundances of target species in the microbiota and in microcosms.
However, amplification targets in DNA extracted from samples need to be dependably
differential. Because of reported difficulties using 16S rRNA gene sequences as qPCR
targets in relation to the differentiation of B. longum subsp. longum and B. longum
subsp. infantis (6), the purpose of our study was to investigate tuf gene sequences
(encoding elongation factor Tu) in this respect. These sequences have been reported to
be useful in other species-specific assays (18). High-throughput sequencing (HTS) and
qPCR experiments with fecal DNA from Chinese infants led to the recognition of a B.
longum operational taxonomic unit (OTU), OTU49, in which the tuf gene had sequence
characteristics of that in both B. longum subsp. longum and B. longum subsp. infantis.
Additional goals of the work were therefore to assign the organism to the appropriate
subspecies using human milk oligosaccharide (HMO) utilization/transcriptional profiles
and genomic characterization of a cultured OTU49 isolate.

RESULTS
Recognition of OTU49 in the fecal microbiota of Chinese infants. HTS analysis

utilized scripts from QIIME version 1.4.0, with default settings. Thus, OTUs were gen-
erated de novo with the USEARCH (version 5.2.32) algorithm. This approach generated
9,891 OTU from 1,797,803 sequences. Of these, 78 OTU (clustered with a 97% identity
threshold) were assigned to the species B. longum.

To derive a qPCR assay capable of discriminating between B. longum subsp. longum
and B. longum subsp. infantis, the elongation factor Tu gene (tuf) was utilized as a
target. Two TaqMan qPCR assays were developed that allowed absolute discrimination
between the type strains of the two subspecies (see Tables S1 and S2 in the supple-
mental material) when genomic DNA from type cultures was used. The assays did not
give a signal with DNA obtained from other bifidobacterial species also common in
infant fecal microbiotas (Bifidobacterium bifidum and Bifidobacterium breve). The assays
were then used to obtain information on the relative abundances and prevalences of
both of the B. longum subspecies in a cohort of Chinese infants.

In a comparison of B. longum abundance estimates by tuf gene qPCR and HTS, it was
clear that the combined B. longum subsp. longum and B. longum subsp. infantis
abundances determined by tuf gene qPCR abundances did not correlate well (r2 �

0.2127) with HTS values (Fig. 1A). This result suggested that there was tuf gene
sequence variation in the B. longum members of the microbiota. To confirm this
opinion, a 16S rRNA gene qPCR method, developed in a previous study to differentiate
B. longum subsp. longum and B. longum subsp. infantis (6), was used to obtain the
relative abundances of the two subspecies. The 16S rRNA gene PCR primers were
designed for PCR/gel electrophoretic differentiation of the subspecies (19, 20) and are
reliable for this purpose. There is, however, a small amount of nonspecificity which is
detected by qPCR, hence the reason for our search for better PCR targets. The
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combined relative abundances of B. longum subsp. longum and B. longum subsp.
infantis obtained by the 16S rRNA gene qPCR correlated well with HTS data (r2 �

0.8436; Fig. 1B). This observation confirmed that the tuf gene qPCR was missing B.
longum sequences in the fecal microbiota DNA.

An investigation of the DNA sequences from fecal samples showing a low abun-
dance of B. longum in the tuf gene qPCR data but high abundance in the HTS data
revealed an abundant OTU (26% of sequences) designated OTU49. The reference
sequence for OTU49 was retrieved and used to search against the NCBI nt database
using BLAST and revealed a closest match to a number of B. longum isolates (99%
nucleotide identity over 485 bp). Several infants were predicted to have a high
abundance of the bacterium associated with the OTU49 sequence, so bifidobacterial
isolates were cultured from one of these fecal samples (see below). Sequencing of the
16S rRNA gene from one such isolate indicated that the culture was likely to belong to
B. longum subsp. infantis (99.6% identity across the whole gene; 1,411 bp). Sequencing
of the tuf gene from the culture indicated that its sequence was not identical to that
of either of the type strains but had similarities to both (Fig. S1). The cultured OTU49
tuf gene sequence matched the B. longum subsp. infantis forward primer, B. longum
subsp. longum probe, and B. longum subsp. longum reverse primer, thus explaining why
this isolate had not been detected by the tuf gene qPCR assay targeting either
subspecies (Fig. S1). It was then necessary to confirm by other methods that the
cultured isolate of OTU49 belonged to B. longum subsp. infantis.

Characterization of B. longum subsp. longum and B. longum subsp. infantis strains
by growth in media containing HMO. There was a clear differentiation between the B.
longum subspecies according to growth in medium containing HMO fractions or
constituent carbohydrates of HMO (Fig. 2). B. longum subsp. longum strains grew well
in medium containing lacto-N-tetraose (LNT), whereas other substrates gave growth
similar to that in the control basal medium (no added carbohydrates). In contrast,
OTU49 and B. longum subsp. infantis strains grew well on all substrates relative to the

FIG 1 Correlation of B. longum group quantitation in Chinese infants by HTS and qPCR. The plot includes
multiple time points for each individual. A linear regression line is shown along with the Pearson
correlation r2 value. (A) Combined relative abundances for B. longum subsp. longum and B. longum subsp.
infantis obtained by tuf gene-targeted qPCR assay versus HTS B. longum sequences. (B) Combined relative
abundances for B. longum subsp. longum and B. longum subsp. infantis obtained by 16S rRNA gene-
targeted qPCR assay versus HTS B. longum sequences.
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basal medium control, especially in media containing acidic human milk oligosaccha-
rides (HMO-S), sialic acid, LNT, and lacto-N-neotetraose (LNnT).

Genomic comparison of OTU49 and reference strains. A draft genome sequence
was generated for the OTU49 isolate and compared with available B. longum genome
sequences. Alignment of multiple B. longum genomes showed that OTU49 had high
homology and synteny with B. longum subsp. infantis isolates ATCC 15697 (DSM
20088T) and JCM1222. This alignment also revealed a large inverted region compared
with the B. longum subsp. longum genomes (Fig. 3). The genomes were also compared
using the BLAST-based BRIG software package. This analysis also indicated that the
OTU49 genome was closely related to those of B. longum subsp. infantis isolates ATCC
15697 and JCM1222, including the HMO utilization region identified by Sela et al. (21)
(Fig. 4). Regions where the OTU49 genome did not match well with the ATCC 15697
and JCM1222 genomes included insertion sequence and phage gene sequence regions

FIG 2 Growth of B. longum subsp. infantis (A) and B. longum subsp. longum (B) strains in basal medium
or basal medium containing HMO fractions or component carbohydrates at 0.2% (wt/vol). Optical density
(A600) of cultures was measured after 48 h of anaerobic incubation at 37°C.
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(Tables S3 and S4). Finally, the HMO utilization region identified in B. longum subsp.
infantis ATCC 15697 was compared with the same region in the OTU49 and JCM1222
genomes. This revealed a high degree of similarity between the three strains, although
in comparison with ATCC 15697, JCM1222 was missing three open reading frames
involved in solute binding and transport, and OTU49 was missing six open reading
frames involved in solute binding, transport, and general function at the 3= end of the
region (Fig. 5).

Comparison of transcriptomic profiles of B. longum subsp. infantis strains DSM
20088T and OTU49. RNA sequencing (RNA-seq) analysis was performed to compare
the transcriptional levels of genes belonging to the HMO utilization region in B. longum
subsp. infantis strains DSM 20088T and OTU49 when grown in medium containing HMO
fractions. Paired-end reads from both strains were mapped to Bifidobacterium longum
subsp. infantis ATCC 15697 (� DSM 20088T) reference genome (NCBI RefSeq accession
no. GCF_000020425.1 [ASM2042v1]; BioProject accession number PRJNA17189). A total
of 5.5 � 106 (DSM 20088T) and 5.2 � 106 (OTU49) paired-end reads mapped to the
reference genome, providing 96% and 82% genome coverages for Bifidobacterium
longum subsp. infantis DSM 20088T and OTU49, respectively (Table S5). A comparison
of the normalized gene expression levels of open reading frames belonging to the HMO
utilization cluster showed similar transcriptional levels for the two strains when grown
in the presence of HMO (Fig. 6). Consistent with findings on the genomic structure of
the HMO utilization cluster in B. longum subsp. infantis OTU49, the last six open reading
frames showed no expression, confirming the absence of the last 6 genes of the HMO
utilization region (BLON_RS12190, BLON_RS12195, BLON_RS12200, BLON_RS12205,
BLON_RS12210, and BLON_RS12215) in the B. longum subsp. infantis OTU49 strain
compared to the DSM 20088T strain.

DISCUSSION

The low evolutionary rate of the 16S rRNA gene allows closely related organisms to
have highly similar sequences. Additionally, various analytical limitations are associated

FIG 3 Multiple-genome alignment of B. longum subsp. longum, B. longum subsp. infantis, and OTU49 genomes. Locally colinear blocks (LCBs) are colored and
include similarity shading (areas of white within colored blocks were not aligned and probably contain sequence elements specific to the particular genome).
LCB connecting lines indicate regions where genomic rearrangement has occurred. The reference genome at the top shows B. longum subsp. infantis ATCC
15697 (NCBI RefSeq accession no. NC_011593), while the two lowest lines show B. longum subsp. longum genomes (GT15 and JCM1217).
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with HTS analysis of 16S rRNA genes (22), including the widely used clustering thresh-
old of 97% identity (an approximation to species-level clusters), which can lead to poor
discrimination between closely related organisms, as is the case with B. longum
subspecies (9). Protein-encoding genes, however, tend to have a higher rate of evolu-
tionary change and might provide better options for discrimination of subspecies or
closely related species (23). Highly conserved protein-encoding genes, such as groEL
(24), recA (25), and tuf (26), have been proposed as alternatives to 16S rRNA genes for
phylogenetic discrimination of bacteria.

We investigated tuf gene sequences as a means of differentiating B. longum sub-

FIG 4 BLAST Ring Image Generator (BRIG) comparison of B. longum subsp. longum, B. longum subsp. infantis, and OTU49 genomes. B. longum subsp. infantis
strain ATCC 15697 was used as a reference genome, and the HMO utilization cluster identified by Sela et al. (21) is included as an outer ring (green). Genome
regions that do not align with the reference are indicated with a white space.
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species, but the detection of OTU49 showed that this is not a useful approach because
OTU49 had tuf gene sequences resembling both subspecies. Examination of genetic,
transcriptional, and growth characteristics of OTU49 showed that it is typical of B.
longum subsp. infantis strains. The OTU49 genome was closely related to B. longum
subsp. infantis isolates ATCC 15697 and JCM1222, including the presence of the HMO
utilization region identified by Sela et al. (21), which was similarly transcribed to that of
the type culture of B. longum subsp. infantis (DSM 20088T). The growth of OTU49 in
medium containing human milk fractions or components of HMO was similar to that of
other B. longum subsp. infantis cultures, whereas B. longum subsp. longum strains grew
poorly in media containing HMO or most HMO components. These marked differences
in HMO utilization by B. longum subspecies have been reported previously, but their
implications in bifidobacterial ecology have been little discussed (27, 28).

FIG 5 Comparison of open reading frames (ORFs) within the HMO utilization cluster identified by Sela et al. (adapted from reference 21
[copyright 2008 National Academy of Sciences]). Greyed out ORF indicates absence in comparison to ATCC 15697 (NCBI RefSeq accession
no. NC_011593.1; JCM1222 [NCBI RefSeq accession no. NC_017219.1]). Important carbohydrate utilization genes are named, and ORFs are
colored according to function. SBP, solute binding protein; IS3, insertion sequence 3 family element.

FIG 6 Comparison of transcriptomic profile of genes belonging to HMO gene utilization cluster in B. longum subsp. infantis DSM 20088T

and OTU49 grown in basal medium containing the HMO-S fraction. Expression levels are indicated as log2 cpm.
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OTU49 clearly belongs to B. longum subsp. infantis from a bacterial physiological
point of view, but it has characteristics of both B. longum subsp. longum and B. longum
subsp. infantis in terms of the housekeeping gene tuf, presumed previously to be highly
conserved. These observations pose a dilemma for microbiologists wishing to study
bifidobacterial ecology (i.e., the dynamic interactions of these bacteria) in vivo and in
vitro, because recognition of the OTU49 tuf variant in Chinese infants may indicate a
lack of dependable qPCR targets to discriminate B. longum subsp. longum and B.
longum subsp. infantis when they are based on housekeeping genes, noncoding
sequences, or other genes encoding proteins of unknown biological importance (10,
23–25, 29).

Reliable methodologies are required more than ever because new infant formula-
tions (such as the addition of 2=-fucosyl-lactose [30]) and probiotic B. longum subsp.
infantis products (29) are likely to soon be launched commercially. The impact of these
new products on bifidobacterial ecology will need careful evaluation, with particular
reference to the “gold standard” nutrition of feeding infants breast milk. Our results
suggest that OTU49 would occupy the fundamental niche of HMO utilization in the
infant gut because it has the genetic capacity and functional activity to do so. That
seems to be the critical information required in ecological studies, knowing what does
the species do and how does it do it. We have recently reported that qPCR targeting
genes (based on type culture gene sequences) involved in the utilization of carbohy-
drates (sialidase and arabinose kinase) provides a qPCR method to differentiate B.
longum subsp. longum and B. longum subsp. infantis (31). While further validation of the
reliability of this methodology is required, it would have the benefit of providing
information about the prevalence and abundance of ecologically important genes
associated with bifidobacteria.

MATERIALS AND METHODS
Chinese infants. The Chinese infants included in this study were part of Mead Johnson Nutrition

clinical protocol no. 8602. Fecal samples were obtained from infants that were fed infant formula (n �
40) or were exclusively fed breast milk (n � 51). Fecal samples were obtained when the children were
6, 8, 10, and 12 weeks of age. Ethical approval for the work contained in this article was obtained and
carried out in accordance with the ethics committee of Xin Hua Hospital, affiliated with the School of
Medicine, Shanghai Jiao Tong University, China. Mothers/guardians of the infants gave informed consent.

Sequencing DNA extracted from infant feces. The methodology for DNA extraction from feces was
described by Tannock et al. (6) and included bead-beating to disrupt bacterial cells, phenol-chloroform
treatment, and ethanol precipitation. Pyrosequencing of the V1 to V3 regions of 16S rRNA genes
amplified from fecal genomic DNA of infants was carried out by Macrogen, Inc. (Seoul, South Korea) and
utilized the Roche-454 FLX genome sequencer with Titanium chemistry, as described by Tannock et al.
(6). Analysis of sequence data was carried out using the QIIME software package (version 1.4.0) (22) and
incorporated de novo sequence clustering employing the UCLUST and USEARCH algorithms (32). In order
to assign taxonomy to the species level, representative sequences from selected OTUs were searched
against the NCBI nr database using BLAST (33).

Quantitative PCR differentiation of B. longum subsp. longum and B. longum subsp. infantis
targeting the tuf or 16S rRNA gene. Sequences of the tuf gene from B. longum subsp. longum and B.
longum subsp. infantis, along with sequences from B. breve strains, were retrieved from the NCBI
Nucleotide database and were aligned using Clustal W (34). Alignments were curated manually, and
discriminatory polymorphisms were identified (Fig. S1). Several primer and probe combinations were
designed in an attempt to discriminate between the two B. longum subspecies, without cross-reactivity
to the closely related B. breve. Primers and TaqMan probes (Table 1) were purchased from Invitrogen and
were tested for reaction efficiency and specificity using genomic DNA (gDNA) purified from B. breve
(ATCC 15700T), B. bifidum (DSM 20456T), B. longum subsp. longum (ATCC 15707T), B. longum subsp.
infantis (DSM 20088T), and Bifidobacterium animalis subsp. lactis (DSM 10140T) cultures on a Life
Technologies ViiA7 real-time PCR system in MicroAmp Fast optical 96-well plates with optical adhesive
film (Applied Biosystems, Carlsbad, CA). All reactions were carried out in a final volume of 20 �l
containing 1� TaqMan Fast PCR mastermix (Applied Biosystems), 300 nM each primer, and 100 nM
TaqMan probe. Template DNA was diluted to 1 ng/�l, and 2 ng was added to each reaction mixture. The
thermocycling profile consisted of an initial activation of the polymerase at 95°C for 30 s, followed by 40
cycles of 95°C for 10 s and 60°C for 30 s. Fluorescence levels were measured after the 60°C annealing/
extension step. Standard curves (to measure reaction efficiency) were generated using gDNA extracted
from bifidobacterial strains Bifidobacterium breve (ATCC 15700T), Bifidobacterium longum subsp. longum
(ATCC 15707T), and Bifidobacterium longum subsp. infantis (DSM 20088T) using the bead-beating phenol-
chloroform-ethanol protocol described previously (6). The standard DNA was quantified spectrophoto-
metrically using a NanoDrop 1000 spectrophotometer (Thermo Scientific) and diluted in 10-fold steps
from 5 � 106 to 5 � 101 genomes/reaction, calculated using target gene copies per genome obtained
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from genome sequence information (NCBI). All reactions were carried out in duplicate and were run
twice on separate plates. No-template controls were also included on each plate.

For 16S rRNA gene-based detection, a previously described method for qualitative differentiation of
B. longum subsp. longum and B. longum subsp. infantis was used with modification as to the concen-
trations of primers used (6). For quantitation of B. longum subsp. longum, primers B_long F and B_long
R (Table 1) were used at final concentrations of 600 nM and 200 nM, respectively, while for the
quantitation of B. longum subsp. infantis, primers B_inf F and B_inf R (Table 1) were used at final
concentrations of 200 nM and 600 nM, respectively, in 20-�l reaction mixtures containing 1� Fast SYBR
green PCR mastermix (Applied Biosystems). The thermocycling profile consisted of an initial activation of
the polymerase at 95°C for 30 s, followed by 40 cycles of 95°C for 10 s, 65°C for 30 s, and 72°C for 30 s.
Fluorescence levels were measured after the 65°C annealing step. A melt curve was generated to analyze
product specificity. Genomic DNA from B. longum subsp. longum (ATCC 15707T) and B. longum subsp.
infantis (DSM 20088T) were used as controls and for the generation of standard curves. While these
reaction conditions improved the discrimination of the two subspecies, there was still some cross-
reactivity. However, testing of serially diluted genomic DNA from both subspecies against both primer
pairs indicated that a cycle threshold cutoff of 27 would be appropriate for use as a detection threshold
for the presence of particular subspecies (see Table S1 in the supplemental material). Statistical analyses
of data used GraphPad Prism 6, version 6.0f (GraphPad Software, Inc., La Jolla, CA).

Isolation of OTU49 from feces. Bifidobacteria were cultured from a fecal sample collected from a
Chinese baby that, according to HTS data, contained the OTU49 strain in abundance. A 10% (wt/vol)
suspension of feces was prepared in prereduced Lactobacilli de Man-Rogosa-Sharpe (MRS) medium
(Difco) using glass beads to aid homogenization. The suspension was diluted in 10-fold steps to 10�6 in
the same medium, and aliquots of dilutions were spread on plates of prereduced Rogosa SL agar (Difco).
The plates were incubated anaerobically for 3 days at 37°C. Bacterial colonies were picked and
subcultured using Lactobacilli MRS broth and agar to obtain pure cultures. All culture manipulations
were carried out in an anaerobic glove box. Identification of colonies as belonging to the OTU49 strain
was achieved, as described in the next section.

Genomic sequencing of OTU49 and comparison with reference strains of B. longum subsp.
infantis. Genomic DNA was extracted from potential OTU49 cultures using the previously described
bead-beating phenol-chloroform ethanol precipitation protocol (6). RNA was then removed by treatment
with 2 �g of RNase A at room temperature for 30 min followed by cleanup of the gDNA through a
NucleoSpin gDNA cleanup column, according to the manufacturer’s protocol (Macherey-Nagel, Düren,
Germany). Identification of extracted gDNA as belonging to OTU49 was achieved using TaqMan qPCR
assays targeting the tuf gene (as described above with qPCR targeting the tuf gene), with the addition
of a third reaction utilizing a combination of the tuf_Binf_6_F/tuf_Blon_R primers and the tuf_Blon_P
probe (Table 1). This primer/probe combination allowed discrimination of OTU49 from the B. longum
subsp. longum and B. longum subsp. infantis type strains (Table S2). Purified gDNA from isolates identified
as OTU49 was sent to New Zealand Genomics Ltd. (Dunedin, New Zealand) for 250-base paired-end
shotgun sequencing using a TruSeq DNA Nano library on an Illumina MiSeq platform. Sequencing data
were returned as both unprocessed data and quality-screened data (checked with FastQC [www
.bioinformatics.babraham.ac.uk/projects/fastqc/] and SolexaQA [35]) that had PhiX control library reads
and adapter sequences removed using FASTQ-MCF (36). Analysis of processed reads followed procedures

TABLE 1 PCR primers and probes

Target Primer or probe Sequence (5= to 3=)a Reference or source

B. longum subsp. longum tuf gene tuf_Blon_F GTATCCGTCCGACCCAGCAG This study
tuf_Blon_P FAM-CGTGGCCAGGTTGT-BHQ This study
tuf_Blon_R GGTGACGGAGCCCGGCTTG This study

B. longum subsp. infantis tuf gene tuf_Binf_2_Fb CGTCACCGGTCGTGTCGAG This study
tuf_Binf_6_Fc GGTCGAGATCGTCGGCATCCGTCCGA This study
tuf_Binf_P FAM-CTGCTGCGTGGCCT-BHQ This study
tuf_Binf_R CTCGACATCCTCACGGCC This study

B. longum subsp. longum 16S rRNA gene B_long_F GTTCCCGACGGTCGTAGAG 19
B_long_R GTGAGTTCCCGGCAYAATCC

B. longum subsp. infantis 16S rRNA gene B_inf_F CCATCTCTGGGATCGTCGG 20
B_inf_R TATCGGGGAGCAAGCGTGA

Bifidobacterium 16S rRNA gene g-Bif_F CTCCTGGAAACGGGTGG 46
g-Bif_R1 GGTGTTCTTCCCGATATCTACA

16S rRNA gene (all bacteria) Uni_F ACTCCTACGGGAGGCAGCAGT 47
Uni_R ATTACCGCGGCTGCTGGC

aFAM, 6-carboxyfluorescein; BHQ, black hole quencher.
bForward primer for original assay to discriminate between subspecies infantis and longum.
cForward primer for discrimination of OTU49 from subspecies infantis and longum.
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suggested by Edwards and Holt (37). Specifically, reads were assembled into contigs using Velvet (38),
with a k-mer value of 151. Contigs were ordered against a reference genome sequence (B. longum subsp.
infantis ATCC 15697) and visualized and aligned with available B. longum genomes using Mauve version
2.3.1 (39). The OTU49 draft genome was annotated using RAST version 4 (40). Reference-based com-
parisons of multiple genomes and identification of HMO utilization region positioning were achieved
using BRIG version 0.95 (41).

Fractionation of human milk. To obtain HMO for culture-based studies, expressed breast milk was
obtained from the Newborn Intensive Care Unit of Dunedin Hospital with approval from the Lower South
Ethics Committee. The milk was fractionated to obtain preparations containing predominantly acidic
(HMO-S) or neutral (HMO-N) oligosaccharides. Methodology essentially as described by Ward (42) was
used to prepare the fractions. Details are given in the supplemental material.

Growth of OTU49 and reference strains of B. longum subsp. infantis in HMO medium. Growth
of bifidobacterial strains was evaluated by measuring the optical density (A600) of cultures 24 h after a
basal medium containing 0.2% (wt/vol) of either the HMO-N or HMO-S fraction or constituents of HMO
(fucose [Sigma], sialic acid [Sigma], lacto-N-tetraose [LNT; Glycom], lacto-N-neotetraose [LNnT; Glycom])
were inoculated with bifidobacteria (1% [vol/vol]). Incubation of cultures, in triplicate, was performed
under anaerobic conditions at 37°C. The basal medium consisted of Lactobacilli MRS medium that had
been prepared from scratch with the omission of glucose (MRS-NO CHO). The growth of OTU49 was
compared to that of B. longum subsp. longum strains previously isolated from infant feces (G12-16) and
type culture ATCC 15707 and B. longum subsp. infantis strains DSM 20218, DSM 20088T, ATCC 15701, and
PW (ingredient of the probiotic Infloran).

Comparison of transcriptomic profiles of B. longum subsp. infantis strains DSM 20088T and
OTU49. Bacterial cell pellets of 1-ml aliquots collected from cultures of B. longum subsp. infantis strain
DSM 20088T and OTU49 grown in medium containing the HMO-S fraction were resuspended in
RNAprotect bacterial reagent (Qiagen) and stored at �80°C. Total RNA was extracted using TRIzol
reagent (Ambion; Life Technologies) with three bead-beating treatments at 5,000 rpm for 40 s to lyse the
cells. Purification of total RNA was carried out using the RNeasy MinElute cleanup kit (Qiagen), according
to the manufacturer’s instructions. Total RNA quality was assessed using Agilent 2100 Bioanalyzer
(Agilent) and NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific), and RNA concentration was
measured with a Qubit fluorometer (Thermo Fisher Scientific).

For each bacterial strain, one replicate of purified total RNA samples with the best RNA integrity
number (RIN) values was selected for sequencing and sent to New Zealand Genomics Ltd. (Dunedin, New
Zealand). Total RNA samples were treated with the Ribo-Zero bacterial rRNA removal kit (Illumina) before
library preparation with the TruSeq stranded total RNA dual-indexed library kit (Illumina). The Illumina
HiSeq platform was used to perform 125-base paired-end sequencing. Adapter- and quality-trimmed
data, checked with FastQC (www.bioinformatics.babraham.ac.uk/projects/fastqc/), were returned from
the sequencing facility and used for analysis of gene expression levels. Reads were aligned to the
genome of B. longum subsp. infantis ATCC 15697 (DSM 20088T; NCBI RefSeq accession no.
GCF_000020425.1 [ASM2042v1]; BioProject accession number PRJNA17189) using Rockhopper version
2.0.3 (43). edgeR package version 3.16.5 (44, 45) was used to normalize raw counts and estimate gene
expression levels, discarding transcripts with �0.5 counts per million (cpm) in at least one library. Log2

cpm values were used as normalized metrics to show the transcriptomic profiles of the two strains.
Accession number(s). The OTU49 genome sequence and transcriptomic data have been deposited

in the NCBI database under BioProject number PRJNA437004.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AEM
.00336-18.
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