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Abstract Understanding the transmission of the human

microbiota from mother to child is of major importance.

Although we are gaining knowledge using 16S rRNA gene

analyses, the resolution of this gene is not sufficient to

determine transmission patterns. We therefore developed

an Illumina deep sequencing approach targeting the

16–23S rRNA Internal Transcribed Spacer (ITS) for high-

resolution microbiota analyses. Using this approach, we

analyzed the composition and potential mother to child

transmission patterns of the microbiota (milk and stool) in

a longitudinal cohort of 20 mother/child pairs. Our results

show overlap in the infant stool microbiota with both

mother’s milk and stool, and that the overlap with stool

increases with age. We found an Operational Taxonomic

Unit resembling Streptococcus gordonii as the most

widespread colonizer of both mothers and their children. In

conclusion, the increased resolution of 16–23S rRNA ITS

deep sequencing revealed new knowledge about potential

transmission patterns of human-associated bacteria.

Introduction

Taxonomic assignments of complex microbial assemblages

have until now mainly been performed using 16S rRNA

gene analyses. A limitation with these analyses, however,

is the lack of depth in taxonomic assignments due to the

conserved nature of the 16S rRNA gene [14]. This limits

the possibility of addressing questions about prevalence

and transmission patterns of the microbiota.

The establishment of the human gut microbiota during

infancy can be considered a succession process [2]. In this

process, both mother’s milk and feces are proposed as

important vectors for transmission of bacteria from mother

to child [2, 3, 8, 9]. The transmission patterns and impor-

tance of feces and mother’s milk, however, have not yet

been resolved using high-resolution analyses.

Using a Illumina 16–23S rRNA Internal Transcribed Spacer

(ITS) region deep sequencing approach, the aim of our work

was to determine the high-resolution overlap in the dominant

microbiota in a cohort of mothers and their children [6]. The

16–23S rRNA ITS region has previously been extensively used

for high-resolution analyses, utilizing a range of detection

approaches [4, 5, 10, 24], including Illumina sequencing [18].

We present results suggesting Streptococcus gordonii as

the most widespread colonizer of mothers and their children.

Furthermore, our results support mother’s milk as an impor-

tant source for bacterial transmission from mother to child.

Materials and Methods

Reference Genomes and Strains

We downloaded all 1838 bacterial genomes available in

Genbank February 2014. The 16–23S ITS rRNA sequences
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flanked by the 16S IX-23S I primer pair [19] was exacted

in silico from each genome allowing two mismatches in the

both the forward and the reverse primes. These sequences

were used as references for defining the 16–23S ITS rRNA

OTU’s.

A collection of 89 bacterial 6 reference strains was

selected to cover the main phyla and genera of the human-

associated microbiota (the strains are described in Suppl

Table 1). These strains were used as references for testing

the coverage and reproducibility of the developed Illumina

16–23S rRNA ITS PCR. The coverage was tested on pure

strains, while the reproducibly was tested on three strain

mixtures. One high complex with PCR products from 83

strains mixed in equal amounts, one low complex con-

sisting of 10 strains, and one middle complex with 10

strains in different portions.

Clinical Samples

The clinical samples represent a subset of the Pro-PACT

study. This study represents an unselected cohort of healthy

mothers and children from the Trondheim region, with

nearly 100 % breastfeeding at 10 and 90 days [6]. From the

study cohort, we selected 20 mother/child pairs delivered at

term based on the criterion that they had a full set of

samples (characteristics are shown in Table 1). Five sam-

ples were selected for each of the 20 mother/child pair.

Milk samples were analyzed from 10 and 90 days after

delivery for the mothers, in addition to stool samples from

90 days. For the children, stool samples were analyzed

from 10 to 90 days after birth. All the samples were col-

lected at home in sterile containers and immediately stored

at -20 �C before transportation to centralized storage at

-80 �C.

Sample Preparation and DNA Extraction

Fecal samples from the subjects were collected in Cary-

Blair transport and holding medium (BD Diagnostics

Sparks, MD 21152), while no buffers were added to the

mother’s milk samples. The samples were frozen at

-20 �C within 2 h from collection. The samples were then

transferred to the lab and stored at -80 �C.
The solid material in 1 ml of the mother’s milk was

precipitated by centrifugation at 20,0009g for 15 min prior

to DNA extraction. The supernatants were discharged, and

the solid material pellets were used for DNA extraction.

DNA from both the mother’s milk and feces samples was

purified with an automated protocol using DNA extraction

kit based on paramagnetic particles (LGC Genomics, UK).

In brief, the samples were subjected to mechanical lysis

using glass beads, and the DNA was purified by eluting

from the paramagnetic particles by downstream processes,

as described by the manufacturer.

PCR Amplification

For the 16–23S rRNA ITS PCR, we used the 16S IX-23S I

primer pair [19] with denaturation, annealing, and exten-

sion for 1 min each. The 16S rRNA gene was amplified

using the general PRK primers, with the original protocol

[23]. All PCR reactions were initially denatured at 95 �C
for 15 min.

One ll DNA (concentration 1–10 ng/ll) was mixed with

a PCR master mix consisting of the following reaction

mixture: 1.25U HOT FIREpol � DNA polymerase,

19 HOT FIREpol � buffer B2, 2.5 mM magnesium-

dichloride (MgCl2), 0.2 mM dNTP, 0.2 lM forward pri-

mer, and 0.2 lM reverse primer in the Dnase/Rnase free

water to a final volume of 25 ll per reaction.

Illumina Sequencing

The Illumina adapters were added by nested PCR where

the PCR product from the first round was diluted 1/100,

and additional 12 PCR cycles were run with the adapter

primers. The same adapters as previously described by us

for the 16S rRNA gene were used [15].

The PCR products were normalized by agarose gel

electrophoresis, pooled, and purified with AMPure (Beck-

man Coulter Life Sciences, Lakeview Parkway S. Drive,

Indianapolis), following the manufacturer’s recommenda-

tions prior to sequencing. The sequencing was done using

the MiSeq sequencing platform (Illumina, San Diego,

California) with the Reagents Kit v3 (300 bp paired end

sequencing).

Data Analysis

Operational Taxonomic Unit (OTU) Identification

Weused aword-based Principle ComponentAnalysis (PCA)

approach [17] in defining OTU’s based on 16S-23S rRNA

ITS sequences. The sequences for the 300 first base pairs

Table 1 Characteristics of subjects included

Category Measure

Average age mothers 30 years

Gender (male) 50 %

Breastfed[3 months 90 %

Caesarian cectisona 15 %

a The number is based on numbers for the general population in the

Trondheim region since consent for this information was not obtained

from the mothers
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corresponding to the forward reads were then transformed

into hexamer words. The hexamer word table was further

compressed to 5 latent variables using PCA. All the forward

reads were subsequently projected onto the PCA model. We

then defined OTU’s as cubes in the 5 dimensional space of

the PCA score plot (each side having the size of one). The

taxonomic assignments were done by identifying the closest

genome sequenced strain to the de novo sequences (from the

sequenced samples) in the PCA space.

Microbiota Analyses

The number of reads per sample was normalized to 10,000.

Samples with less reads were discharged for further anal-

yses (7 for mother’s stool, 9 for infant 10 days feces, 15 for

infant 90 days feces, 6 for mother’s 10 days milk, and 7 for

mother’s 90 days milk), resulting in 55 analyzed samples.

The overall strain distribution was analyzed using PCA,

while Venn diagrams were used to investigate the overlap

in the microbiota between the different categories. The

age-related development of the microbiota was analyzed

using partial least square discriminant analyses (PLS-DA),

which is a multivariate statistical approach to build clas-

sification models (user manual PLS toolbox, Eigenvector,

Seattle, Washington). In addition, we used standard pair-

wise parametric and non-parametric statistical tests. All

analyses were done using Matlab (MathWorks Inc., Natick,

Massachusetts), with the plugin PLS toolbox for conduct-

ing the multivariate statistical analyses.

Results

OTU Identification Model for 16–23S ITS rRNA

We identified 8494 reference spacer regions from 1838

genome sequenced strains, corresponding on average 4.6

spacers per genome. PCA analyses of the hexamers using

five components revealed high-resolution differentiation of

the reference spacers (Suppl. Fig. 1).

Verification of the 16–23S ITS rRNA Gene Deep

Sequencing

We first determined the coverage of the 16S IX-23S I

primer pair by comparison to the 16S rRNA gene PRK

primers. This was done by analyzing a reference strain

collection of human-associated bacteria. The comparison

showed that the main phyla and strains were covered by

both primer pairs (Suppl. Table 1). This result was sup-

ported by probe match searches in both the RDP database

and in the Silva 23S rRNA gene database. These searches

revealed one or less mismatch to the 16–23S rRNA ITS

primers for bacteria belonging to the main human-associ-

ated phyla Bateroidetes, Firmicutes, Proteobacteria, and

Actinobacteria.

We verified the Illumina 16S-13S rRNA OTU assign-

ment approach using three defined mixes of bacterial

strains reflecting different levels of diversity. These anal-

yses revealed a high degree of reproducibility with R2

values [0.98 (Suppl. Fig. 2). After removing singletons,

we identified 331 OTU’s for the high-complexity sample

(83 strains), 88 for low complexity (10 strains), and 104 for

the middle complexity sample (10 stains in different pro-

portions). Assuming an average of 4 spacers for genome,

this would correspond to approximately 83 strains identi-

fied for the high-complexity, 22 for the low-complexity,

and 26 for the middle-complexity sample.

Overall Microbiota Composition in the Pro-PACT

Cohort

We detected in total 1356 OTU’s (corresponding to

approximately 340 strains), represented by two or more

sequences. Hierarchical clustering for the 40 most domi-

nant OTU’s revealed a clustering of mother’s milk, infant

feces, and mothers feces, although these did not reveal

distinct groups either qualitatively (Fig. 1) or quantitatively

(Fig. 2). The bacteria, on the other hand, showed distinct

clustering in two main groups qualitatively (Fig. 1), but not

quantitatively (Fig. 2). OTU88 (resembling Streptococcus

gordonii) show a distinct colonization pattern, being both

more widespread and detected in 52 out of 55 samples

(Fig. 1), and quantitatively the most numerous (Fig. 2).

The three most dominant OTU’s, OTU88 (S. gordonii),

OTU349 (S. agalactiae) and OTU375 (S. pneumoniae),

represented 9.5, 6.6 and 6.6 % of the sequences, respec-

tively. The highest level of colonization by these OTU’s

was in mother’s milk, where there seemed to be about

equal amounts of all three species (Fig. 3a). However, in

both mother and infant stool, the level of S. gordonii was

significantly higher (P\ 0.01, Mann–Whitney U test) than

of both S. agalactiae and S. pneumoniae (Fig. 3b, c).

For the observed species richness, the highest richness

was detected in mother’s feces, while there was approxi-

mately the same richness in the child’s feces and mother’s

milk (Fig. 4). Although not as pronounced, this was also

reflected for the alpha diversity analyses (results not

shown).

OTU Prevalence

The prevalence of OTU’s (detected more than once in a

given sample) for the infant stool samples followed a

negative geometric distribution (Fig. 5a, b). However, for

the mother’s sample, we found a deviation from the
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negative geometric distribution for the highly prevalent

OTU’s (present in more than 60 % of the samples). The

most prevalent OTU’s were clearly overrepresented

(P\ 0.0005 t test deviation from the respective regression

lines) compared to the negative geometric distribution.

Furthermore, for the prevalent OTU’s, there were positive

associations between the prevalence and number of OTU’s

showing this prevalence (Fig. 5c–e).

For the mother’s milk samples, the most prevalent

OTU’s belonged to streptococci, while most of the highly

prevalent OTU’s from the mothers stool samples belonged

to the clostridia.

Temporal Changes of Microbiota

There was a consistent change of the mother’s milk micro-

biota composition from 10 to 90 days (Suppl. Fig. 3A).

There was an association of Staphylococcus aureus for the

10 days samples, which shifted towards streptococci at

90 days. The 90 days samples were also associated with

Aggregatibacter actinomycetemcomitans which has been

identified as an aggressive periodontics bacterium.

Comparison of the fecal microbiota at 10 and 90 days

for the children showed that S. aureus, Acetobacter woodi

and an unidentified bacterium related to Clostridium

botulinum were associated with the 10 days samples, while

Bifidobacterium longum, Brevundimonas subvibrioides,

and Escherichia coli were associated with the 90 days

samples (Suppl. Figure 3B).

Overlap in Microbiota Between Mother and Child

The children’s stool microbiota composes of bacteria

overlapping with both mother’s milk and mother’s stool

(Fig. 6). There was an increase in the number of OTU’s

with time for both mother’s milk (P = 0.02, Binomial test)

and the children stool samples (P = 0.02, Binomial test).

The mothers stool microbiota at 90 days showed a larger

overlap with the children’s stool microbiota at 10 days than

at 90 days (0.02, Binomial test), while for the mother’s

milk at 10 and 90 days, there were no significant differ-

ences in overlap with mother’s stool.

Discussion

The overrepresentation of highly prevalent strains is in

accordance with a core colonizers model [1, 21]. Further-

more, the apparent widespread presence of strains/species

Fig. 1 Prevalence of the 40 most dominant OTU’s for all samples

analyzed. The dendrograms were created using average linkage

clustering. Red represents detected (excluding singletons), while

black represents non-detected. The following abbreviations were

used: FC feces child, FM feces mother, and BM breast milk. Age is

indicated with 10 and 90 days (Color figure online)
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Fig. 2 Heat map for the 40 most dominant OTU’s for all samples

analyzed. The dendrograms were created using average linkage

clustering. The color code represents the number of reads, with bright

red color representing reads [100, while black represent no reads.

The following abbreviations were used: FC feces child, FM feces

mother, and BM breast milk. Age is indicated with 10 and 90 days

(Color figure online)

Fig. 3 Distribution of the three

most abundant species in

a mother’s milk, b mothers stool

and c infants stool for all

samples analyzed. The number

of reads per sample (out of

10,000) is indicated with red

dots, while the means are

indicated with the crossed dots.

Significant differences are

indicated with ** (P\ 0.01

Mann–Whitney U test) (Color

figure online)
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colonizing multiple body sites may indicate the presence of

cosmopolitan colonizers of the human body.

We found an OTU resembling S. gordonii to be both

the most abundant and prevalent colonizer in our dataset,

as determined from the individual distribution and

prevalence patterns. This species has not previously been

reported abundant in mother’s milk, neither by culture

dependent nor independent techniques [8]. Although there

is a potential for taxonomic misclassification of the S.

gordonii resembling OTU88, this OTU is highly wide-

spread among individuals and body sites. Furthermore, S.

gordonii is an important dental colonizer [11], with the

potential to enter the blood stream and colonize the aortic

valve [22]. This may indicate that OTU88 is a cos-

mopolitan colonizer, with the potential to colonize a wide

range of body sites.

Fig. 4 Observed OTU richness.

The bars represent the average

observed species for each

category for all samples

analyzed. Error bars represent

standard error of the mean.

Significance levels were

determined using Mann–

Whitney U test (***P\ 0.001,

****P\ 0.0001)

Fig. 5 Number of OTUs at different prevalence levels for child stool

10 days (a), 90 days (b), mother milk 10 days (c), 90 days (d), and
stool (e). The regression lines represent fitting to a geometric

distribution. Blue lines represent fitting of OTU’s with prevalence’s

below 60 %, while the red lines represent fitting to OTU’s above.

Since no OTU’s were identified in all samples for the children we

used one to have a data point. The P values indicate the deviation of

the number of the most prevalent OTU’s from the distribution below

60 % (Color figure online)
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A question is the nature of the host association for the

most dominant OTU (OTU88)—whether it is mutualistic

or opportunistic. Pointing towards a mutualistic interaction

is the fact that the related S. gordonii can produce hydrogen

peroxide—potentially preventing the colonization by

pathogens [25]. Furthermore, despite the high numbers and

prevalence, relatively few incidences of infections have

been reported for S. gordonii [11]. The fact that this bac-

terium together with other low-pathogenicity streptococci

can colonize the aortic valve without causing instant fatal

disease may also support its low virulence [7]. The low

virulence is also confirmed by that its genome contain only

few virulence genes (about 70) compared to more than 250

for the closely related S. pneumonia (identified from the

Victors database). Although the potentially pathogenic S.

agalactiae and S. pneumoniae showed about equal colo-

nization of mother’s milk, they had a much lower colo-

nization level of both infant and mothers stool than S.

gordonii, suggesting that S. gordonii is allowed at more

body sites.

Although bifidobacteria show high-relative levels in

infant feces [2] and are assumed selected by mother’s milk

oligosaccharides [13], we did find relative low levels of

bifidobacteria in mother’s milk, but still relatively high

prevalence. This indicates that the bifidobacteria are pre-

sent in mother’s milk, but are not able to utilize the

oligosaccharides there.

It seems like the infant stool microbiota is recruited

from both the mother’s stool and milk microbiota, but that

there is an expansion of the stool associated bacteria with

age. The genera that showed the largest time-related shift

for mother’s milk were Staphylococcus and Aggregati-

bacter, being linked with 10 and 90 days samples,

respectively. Thus, it seems like there is a time-related shift

from skin [12] to oral [20] associated bacteria for mother’s

milk. For the infant stool, bacteria related to Acetobac-

terium were most diagnostic for the 10 days samples, while

Brevundimonas showed the strongest association with the

90 days samples. Although associated with the gut [16],

little is known about the potential role of these bacteria.

The mother’s stool and milk microbiota follow a dis-

tribution with an overrepresentation of highly prevalent

strains. This is in line with a model, we have previously

proposed [2], advocating the importance of core colonizing

strains.

In conclusion, we have identified a prevalent colonizer

with the potential to colonize multiple body sites, confer-

ring potential host benefits. In addition, we show a rela-

tively limited number of prevalent bacterial phylotypes.

Taken together, these results support the importance of

specific bacterial phylotypes in human/bacterial interac-

tions [1].
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