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Abstract Although gut microbiota has been studied
relatively extensively in the context of allergic diseases,
there have been several contradictions between these
studies. By applying high-throughput sequencing, we
aimed to analyze the differences in gut microbiota between
atopic and healthy children at 5 and 12 years of age. 51
stool samples were collected from 14 atopic and 15 healthy
children and analyzed with 454 pyrosequencing of the 16S
rRNA gene. At the ages of 5 and 12 years, Bacteroides,
Prevotella, and Dialister dominated gut microbiota in both
atopic and healthy groups of children. Children in the
atopic group had lower abundance and prevalence of
Akkermansia in gut microbiota than their healthy counter-
parts. Thus, the composition of gut microbiota does not
seem to be significantly different between atopic and
healthy children, but lower abundance and prevalence of
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Akkermansia indicate that this bacterium may accompany
or play a role in IgE-mediated atopic diseases.

Introduction

Normal gut microbiota is essential for digestive processes
such as fermentation of carbohydrates, but it also takes part
in immunological processes by participating in the devel-
opment of gut-associated lymphoid tissues (GALTs) and
providing resistance to pathogens [12, 26]. Dysbiosis of gut
microbiota has been linked to several metabolic and im-
munological disorders such as diabetes, irritable bowel
syndrome, and allergies [13, 16, 20].

Correlation between the composition of gut microbiota
and manifestation of an allergic disease has been studied
relatively extensively throughout the years, and most of the
studies have observed significant differences between the
gut microbiota of healthy and allergic individuals, but the
exact nature of these differences has yet to be defined [20].
Several studies have linked decreased levels of bifidobac-
teria [14, 22], increased levels of clostridia [6, 11, 22], and
Enterobacteriaceae [18] to allergy, but others have failed
to confirm these reports [7, 14, 20]. The limitations of
applied methodologies may be one of the reasons behind
contradictory results as these have rarely been high
throughput and simultaneously quantitative and qualitative.
Only a few studies analyzing the composition of gut mi-
crobiota in the context of allergy have used high-through-
put sequencing [1, 2], which enables to both identify
different bacteria and estimate their relative abundance
[25]. The broader application of this methodology may
give a better understanding of the differences in gut mi-
crobiota existing between allergic and healthy individuals.
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By applying high-throughput 454 pyrosequencing of the
16S rRNA gene, we aimed to comprehensively analyze the
differences in composition of gut microbiota between
12-year-old atopic and healthy children and also determine
the differences in the composition at the age of 5 years
when many of the children were not yet sensitized to
allergens.

Materials and Methods
Participants and Sampling

14 atopic (10 male) and 15 healthy (7 male) 12-year-old
participants were selected from a larger study of immune
response development to allergens and the development of
allergy in relation to environmental factors [24]. Stool
samples (approximately 1-2 g) were collected from the
participants at 5 and 12 years of age. Samples collected at
both time points (at 5 and 12 years of age) were available
for seven children from the atopic and 15 from the healthy
group of participants. Altogether, 51 stool samples were
available, 22 from children at 5 years of age (7 belonging
to atopic and 15 to healthy group) and 29 from children at
12 years of age (14 and 15, respectively).

The children were divided into atopic and healthy group
based on their sensitization at 12 years of age. The atopic
group comprised children who were sensitized to at least 1
allergen detected with a positive skin prick test (SPT) and
had detectable circulating allergen-specific IgE antibodies
at 12 years of age. At 5 years of age, majority of the chil-
dren in atopic group were not yet sensitized to tested al-
lergens. The healthy group comprised children with no
sensitization to any tested allergens nor any clinical
manifestation of an allergic disease at any age. Atopic
sensitization was detected using SPT and IgE measure-
ments. SPT tests were performed in duplicate on the volar
aspects of the forearms, using lancets of ALK (H@rsholm,
Denmark) with standardized extracts of inhalant allergens
(cat, dog, house dust mite, birch, timothy, mugwort from
Solu-Prick SQTM, ALK; cockroach from Bayer AG), his-
tamine hydrochloride (10 mg/ml) as a positive, and glycerol
as a negative control. The SPT was considered positive
when the mean of the longest and right angle diameters of
one of the wheals was at least 3 mm. For IgE measure-
ments, a commercial chemiluminescence method UniCap
was used to measure IgE antibodies of inhalant allergens
(cat, dog, house dust mite, cockroach, birch, timothy grass,
mugwort) from plasma according to the recommendations
of the manufacturer Pharmacia & Upjohn Diagnostics AB.

The research Ethics Committee of the University of
Tartu approved the study. Parents or guardians and also
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participants themselves informed consent

agreement.

signed an

DNA Extraction and 454 Sequencing of the 16S
rRNA Gene

DNA was extracted from stool samples using a QIAamp
DNA stool mini kit (Qiagen N.V.) with some modifica-
tions. 1 g of feces was suspended in 10 ml of PBS buffer
and homogenized. 0.3 g of 0.1 mm zirconia/silica beads
and 1.4 ml of ASL solution from the stool mini kit were
added to 1 ml of pellet cells. The tubes were then agitated
for 3 min at a speed of 5000 rpm in a mini-bead beater
(Biospec Products Inc.). The protocol was then continued
as described by the manufacturer.

The amplification of 16S rRNA V1-V2 hypervariable
region was carried out with two sequential PCR reactions
with second PCR extending the length of the amplicon
derived from the first PCR. Reaction volume was 25 pL,
including pfu DNA polymerase (Thermo Scientific Inc.),
3 pL of DNA template (for second PCR, 50 times diluted
amplicon deriving from the first PCR was used), and pri-
mers at concentration 0.2 pM. Primer sequences and cy-
cling parameters are described in Table 1. PCR products
were purified using Agencourt AMPure XP (Beckman
Coulter Inc.) and sequenced with 454 FLX+ systems at
GATC Biotech AG.

Data and Statistical Analysis

MOTHUR software 1.27.0 was used to trim, denoise, and
align the sequences; generate OTUs; and assign taxonomy.
OTUs were generated with the average neighbor hierar-
chical clustering algorithm with an identity threshold of
97 %. For additional de-noising, OTUs with less than two
sequences were removed. Taxonomic assignments were
performed using Naive Bayesian classifier with a confi-
dence cutoff of 100 % against aligned 16S rRNA gene
reference sequences obtained from the SILVA ribosomal
RNA database. The relative abundance values and se-
quence counts were all normalized.

Statistical analysis and graphics were done using R
2.13.2 software. Categorical values were compared with
the Fisher exact, and the continuous variables with Wil-
coxon rank sum test. Three linear regression analyses were
used to analyze the relationship between genera Bac-
teroides and Prevotella in relation to the most abundant
genera (mean relative abundance >0.005), the Shannon
diversity index, sampling time, and atopic sensitization. All
regression analyses were carried out with the Holm-Bon-
ferroni correction. The level of a significant difference was
set at 5 %.
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Table 1 The description of 16S rRNA amplification parameters

PCR Primer sequence

Cycling parameters

First PCR 8F with partial adapter B:

5TTGGCAGTCTCAGNNNNNNNNAGTTTGATCCTGGCTCAG3'

357R with partial adapter A:

5’GTCTCCGACTCAGNNNNNNNNCTGCTGCCTYCCGTA3’

Second PCR Adapter A:

5’CCATCTCATCCCTGCGTGTCTCCGACTCAG3'

Adapter B:

5'CCTATCCCCTGTGTGCCTTGGCAGTCTCAG3'

Initial denaturation: 3 min 95 °C

5 cycles: 30 s 95 °C; 30 s 42 °C; 60 s 72 °C
35 cycles: 30 s 95 °C; 30 s 65 °C; 60 s 72 °C
Final extension: 10 min 72 °C

Initial denaturation: 3 min 95 °C

3 cycles: 30 s 95 °C; 30 s 42 °C; 60 s 72 °C
20 cycles: 30 s 95 °C; 30 s 65 °C; 60 s 72 °C
Final extension: 10 min 72 °C

In the first PCR, primers included partial 454 specific adapter sequences (A or B) at 5’ end following the 8-bp unique sequence tag marked as Ns
and universal 8F and 357R primers [19]. In second PCR, full sequencing adapters were used as primers
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Results and Discussion

To our knowledge, this is the first study applying high-
throughput sequencing to analyze the composition of gut
microbiota in 5- and 12-year-old atopic and healthy chil-
dren. Our results indicate that the manifestation of IgE-
mediated atopy in childhood is not accompanied by major
alterations in the adult-like gut microbiota at 5 and
12 years of age as the composition of gut microbiota in

PCA Axis—1 (19.1% of variance)

both groups was dominated by the same taxa with similar
abundance. The only exception was genus Akkermansia,
which is significantly less prevalent and abundant in the gut
microbiota of atopic children. These results are in conflict
with several earlier studies and indicate that the differences
in the gut microbiota accompanying atopy may not be as
extensive as previously thought.

We received altogether 194 841 high-quality sequence
reads (with an average length of 261 bp). The cutoff for the
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Table 2 Dominating bacterial taxa (relative abundance >0.005) of gut microbiota in atopic and healthy children at 5 and 12 years of age

Phylum (P:)/family (F:)/genus (G:)

Mean (SD) relative abundance at 5 years of age

Mean (SD) relative abundance at 12 years of age

Atopic (n = 7) Healthy (n = 15) Atopic (n = 12) Healthy (n = 14)
P: Bacteroidetes 0.67 (0.19) 0.6 (0.24) 0.71 (0.2) 0.63 (0.22)
G: Bacteroides 0.46 (0.22) 0.46 (0.27) 0.43 (0.31) 0.39 (0.32)
G: Prevotella 0.14 (0.23) 0.08 (0.13) 0.19 (0.3) 0.15 (0.21)
G: Alistipes 0.04 (0.06) 0.02 (0.02) 0.02 (0.02) 0.03 (0.05)
G: Parabacteroides 0.02 (0.02) 0.02 (0.02) 0.03 (0.02) 0.03 (0.05)
P: Firmicutes 0.3 (0.19) 0.31 (0.2) 0.26 (0.19) 0.29 (0.14)
F: Lachnospiraceae 0.05 (0.03) 0.04 (0.02) 0.04 (0.04) 0.04 (0.02)
F: Ruminococcaceae 0.06 (0.04) 0.08 (0.06) 0.09 (0.05) 0.07 (0.06)
G: Faecalibacterium 0.02 (0.04) 0.02 (0.03) 0.03 (0.05) 0.01 (0.01)
G: Dialister 0.16 (0.2) 0.09 (0.17) 0.07 (0.13) 0.1 (0.15)
P: Actinobacteria 0.009 (0.01) 0.03 (0.05) 0.002 (0.001) 0.008 (0.01)
G: Bifidobacterium 0.008 (0.01) 0.02 (0.05) 0.001 (0.001) 0.007 (0.01)
P: Proteobacteria 0.01 (0.01) 0.01 (0.02) 0.02 (0.04) 0.005 (0.005)
F: Enterobacteriaceae 0.009 (0.01) 0.006 (0.01) 0.02 (0.04) 0.002 (0.001)
P: Verrucomicrobia 0.003 (0.007)* 0.02 (0.04)* 0.0003 (0.0009)* 0.004 (0.01)*
G: Akkermansia 0.003 (0.007)* 0.02 (0.04)* 0.0003 (0.0009)* 0.004 (0.01)*

Prevalence of these taxa was above 60 % except for genus Akkermansia (from family Verrucomicrobiaceae, phylum Verrucomicrobia), which
had lower prevalence among atopic group of children (29 % at 5 and 17 % at 12 years of age). There were no significant differences in
prevalence or relative abundance values of these taxa between 5- and 12-year-old children

Dominating phyla are highlighted in bold
* P values < 0.05

minimal number of trimmed sequences assigned to indi-
vidual samples was set to 1600 (at that level, rarefaction
curves for 98 % of the samples reached a 5 % plateau;
Supplementary Fig. 1). 49 of the initial 51 samples and
1614 OTUs crossed this cutoff value and were used for
further analysis (GenBank accession numbers for repre-
sentative sequences of operational taxonomic units (OTUs)
KM975951-KM977564). Retrieved OTUs were distributed
between 7 phyla, 34 families, and 56 genera and were
mainly identified at the family or genus level.

The gut microbiota in atopic and healthy children was
not significantly different based on Cosine similarity index
values [mean (SD) Cosine similarity index between sam-
ples collected from atopic versus healthy children was 0.4
(0.33); within the atopic group the similarity was 0.39
(0.34) and in the healthy group 0.43 (0.33)]. Samples
collected from the same individuals at 5 and 12 years of
age were more similar to each other than to other samples
[mean (SD) Cosine similarity index for samples collected
from the same individuals was 0.59 (0.32) versus the mean
(SD) similarity with other samples 0.4 (0.33); P val-
ue = 0.02]. Also, bacterial diversity did not differ sig-
nificantly between atopic and healthy children being on
average (SD) 2.3 (0.6). Based on OTU composition, there
was no clustering of samples observed in the principal
component analysis (PCA) plot (Fig. 1).
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Lack of significant differences between the abundance
values of taxa dominating the gut microbiota in atopic and
healthy children can be observed in Table 2, which de-
scribes mean (SD) relative abundance values of dominating
taxa (relative abundance >0.005) in atopic and healthy
children at 5 and 12 years of age. The taxonomic compo-
sition in both atopic and healthy children was similar to the
findings of earlier studies analyzing normal gut coloniza-
tion process in adults being dominated by Bacteroidetes
(specifically genus Bacteroides) and Firmicutes [3].

Interestingly, linear regression analysis showed negative
correlation between the abundance of Bacteroides and the
abundance of Prevotella, Dialister (P values < 0.001), and
Shannon diversity index (P value <0.001; Adjusted
R* = 0.82). Also, the abundance of Prevotella was negatively
correlated with the abundance of Bacteroides and Dialister
(P values <0.001 and P = 0.004, respectively) and Shannon
diversity index (P = 0.01; Adjusted R* = 0.74). Negative
correlation between the abundance of Bacteroides and
Prevotella is in agreement with several other studies analyz-
ing gut microbial composition using metagenomic ap-
proaches [3, 15]. These differences have also been described
specifically among children as recent studies have described
the dominance of Bacteroides rather than Prevotella within
the phylum Bacteroidetes in Western children and the oppo-
site in children from Bangladesh and Burkina Faso [8, 17].
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Regardless of these differences, there was no correlation
observed between the abundance of Bacteroides or
Prevotella with the atopic sensitization.

We did not observe increased levels of clostridia, En-
terobacteriaceae or staphylococci in atopic children,
although these taxa have been proposed to be potential
candidates in increasing the risk of atopic sensitization
[20]. Clostridia were detected in all samples and the mean
(SD) relative abundance was 0.15 (0.07) in atopic and 0.16
(0.1) in healthy children. Enterobacteria were detected in
70 % of the samples with mean (SD) relative abundance
0.01 (0.03) in atopic and 0.004 (0.007) in healthy children.
We did not detect any Staphylococcus OTUs. Also, in
contrast to a previous study by Sepp et al. [22], we did not
observe lower levels of bifidobacteria in atopic children
when compared to their healthy counterparts. Bifidobac-
teria were present in over 90 % of the samples in both
groups, and the differences in the abundance of bifi-
dobacteria between these groups were not statistically

Akkermansia OTUs (n=5)

significant (Table 2). This may be due to the low sensitivity
of culturing techniques used by Sepp et al. as they reported
bifidobacteria only in 21 % of the samples [22]. We also
failed to observe differences in the OTU composition be-
tween atopic and healthy children as we detected altogether
13 bifidobacterial OTUs and eight of them were observed
in both groups, these included the most abundant bifi-
dobacterial OTUs, which did not differ between groups.
This somewhat contradicts the results of §t§epet0va et al.
[23], who reported the presence of different bifidobacterial
species composition in allergic and healthy children, but as
OTUs are taxonomical units that in our study were iden-
tified mostly at genus level, we cannot confirm that they
represent species. Thus, we are unable to confront the re-
sults of §t§epetova et al. with full certainty.

Our observations support the results of a recent study by
Abrahamsson et al. who used high-throughput sequencing to
analyze the diversity and composition of gut microbiota in
infants who developed allergic diseases by the age of 7 years
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[2]. They did not observe any taxonomical differences be-
tween these infants and infants who did not develop allergic
diseases by the age of 7 years. As we observed the lack of
difference in 5- to 12-year-old children it would have been
interesting to compare our results with their findings in
7-year-olds, but unfortunately, they did not analyze the
community composition of gut microbiota and only per-
formed a clinical follow-up at that age. They confirmed some
of the earlier reports by observing the correlation between
reduced diversity of gut microbiota during infancy and
several allergies manifesting later in childhood [2, 5], which
indicates the possibility that the differences in bacterial di-
versity of gut microbiota during infancy may precede IgE-
mediated atopy experienced later in life.

In our study, only the abundance of Akkermansia was
significantly lower in atopic than in healthy children both at
5 and 12 years of age (Table 2). The prevalence of genus
Akkermansia was also lower in the atopic than in the
healthy group at 5 and 12 years of age (29 vs. 93 and 17 vs.
67 %, respectively; P = 0.004 and P = 0.02; Fig. 2).
Akkermansia spp., with its mucin-degrading ability, is
important for gut barrier function as it regulates the pro-
duction and thickness of the gut mucus layer [4, 10], but
the colonization of Akkermansia in germ-free mice will
also lead to transcriptional changes in genes participating
in the immune response [9]. It modulates the integrin sig-
naling and antigen presentation pathway in cecum and
antigen presentation pathway, B cell receptor signaling,
leukocyte extravasation signaling, T cell receptor signal-
ing, IL-4 signaling, and complement and coagulation cas-
cades in the colon [9]. It is not surprising that decreased
levels of Akkermansia have been correlated with several
inflammatory gut diseases such as irritable bowel syndrome
[21], but the effect on the immune system may have a
broader scope than only the gastrointestinal tract, as Can-
dela et al. showed lower levels of Akkermansia in 4-14-
year-old atopic children than in their healthy counterparts
[7]. Our findings are in accordance with Candela et al. and
thus it is likely that Akkermansia may accompany or even
play a role in IgE-mediated atopic diseases. Whether a
lower level of Akkermansia is a causative, resultant or
accompanying factor for atopy and what is the exact
mechanism behind this correlation remains to be
elucidated.

In conclusion, by applying the high-throughput se-
quencing method, we observed that the gut microbiota of
atopic 5- to 12-year-old children is not significantly dif-
ferent from their healthy counterparts, which has recently
been reported also in infants. However, we observed lower
abundance and prevalence of genus Akkermansia in the gut
microbiota of atopic children indicating that Akkermansia
may accompany or play a role in IgE-mediated atopic
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diseases, but the exact mechanism of action needs to be
studied further.
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