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Purpose of review

Numerous studies have attempted to describe specific microbiota deviations that may precede atopic
sensitization and atopic disease in childhood. This has given rise to a hypothesis suggesting that a reduced
intestinal microbial diversity in infancy increases the risk of allergic manifestations. This review intends to
sum up the main findings and discuss relevant exposures that regulate intestinal microbial diversity.

Recent findings

Taken together the three studies in this review lend support to the diversity hypothesis, but reported
differences related to atopic sensitization and clinical expression are discussed. A summary on analytic
methods and functional aspect of the microbiota in allergic disease is presented to ameliorate a
presentation of recent articles on environmental and host-factors regulating microbiota composition and
diversity.

Summary

The current evidence indicates that intestinal microbiota diversity can be associated with allergic diseases,
but the exact mechanisms and interactions contributing to this effect are far from understood and need
further investigation.
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INTRODUCTION

The intestinal microbiota contains as many as 1014

microbial cells spanning more than 1000 different
species. High-throughput molecular technologies
have enabled researchers to investigate the complex-
ity of this environment and the cross-talk that occurs
between the host’s immune system and the intestinal
microbialcommunity[1

&

,2
&&

,3]. Insight intheproper-
ties of the commensal microbiota, has demonstrated
that intestinal microbial exposure is a protective
factor against autoimmunity and allergy [4,5,6

&&

].
The initial microbiota consist of aerobes and

facultative anaerobic microbes derived mainly from
the birth canal and the surrounding environment
[7]. Subsequent microbiota development depends
on the mode of delivery, dietary factors and a variety
of environmental exposures in interplay with the
infant’s genetic disposition [8,9]. Aberrant coloni-
zation has been associated with immunologic devi-
ation in the host, disturbed immunologic tolerance
[10

&

], and the pathogenesis of immune-related
conditions such as Inflammatory bowel disease
(IBD), diabetes, obesity, atopy, and allergic diseases
[11,12

&

,13,14].
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Numerous studies [15,16
&

] have attempted to
describe specific microbiota deviations in infancy
and early childhood that may precede atopic sen-
sitization and subsequent manifestation of atopic
disease. Inconclusive and conflicting results have
confirmed that there is no single microbial specie
or small group of microbes, which may be perceived
as the ‘allergy-promoting microbes’ [17–19]. How-
ever, these studies [6

&&

,13,20
&&

] have given rise to a
hypothesis suggesting that a reduced intestinal
microbial diversity in infancy increases the risk of
allergic manifestations in childhood.

This review provides a summary of the analytic
methods for investigating microbial diversity, and
presents an update on the function and diversity of
ins www.co-allergy.com
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KEY POINTS

� Recent findings support the hypothesis that reduced
intestinal microbial diversity is associated with
increased risk of atopic sensitization or allergic
disease.

� Intestinal microbiota diversity is associated with
environmental diversity and regulated by host immunity
and host genetics.

� The exact mechanisms for the cross-talk between
intestinal immune responses and systemic immunity is
not well understood.

Outcome measures
the human intestinal microbiota in development of
allergic sensitization and disease. Finally, there is a
review of the evidence for environmental and host
factors which have the potential to modify intesti-
nal microbiota composition and diversity.
METAGENOMIC AND HIGH-THROUGHPUT
METHODS IN STUDIES OF MICROBIAL
DIVERSITY

Broadly defined, metagenomics refers to the assess-
ment of complex microbial communities using
‘bulk’ genetic information, that is, the total DNA
isolated directly from the total community [21].
Initial characterization of microbial communities,
such as the intestinal microbiota, tends to focus on
the identification of the microbial species or group
of species (taxa), which are present. The taxonom-
ical diversity can be considered from two perspect-
ives. Alpha-diversity describes the community from
the inside, without comparison to others. It pro-
vides information on how many unique constitu-
ents there are (richness) and how these are
distributed (evenness) in the microbial community
[22]. Beta-diversity describes the diversity between
communities, or, more pertinently to the intestinal
microbiota, the stability of a given community over
time [22].

The technological approaches to investigate the
gut microbiota composition and diversity can gener-
ally be separated in targeted hypothesis-driven and
nontargeted explorative approaches. Currently, the
most widely used targeted approaches include quan-
titative PCR and microarrays. Quantitative PCR
involves the simultaneous amplification and quanti-
fication of a genetic target [23]. The benefit of this
technology is the simple application and the large
dynamic range, whereas the disadvantage is that only
a few targets can be investigated simultaneously. On
the contrary, microarray analysis allows investi-
gation of, up to several thousand targets [24].
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The explorative approaches were introduced in
the early 2000s using massive parallel sequencing
[25], and the next-generation sequencing have been
revolutionized by the development of pyrosequenc-
ing [26]. This technology allows relatively long read-
lengths of about 500 nucleotides. In parallel with
pyrosequencing, sequencing with reversible chain
terminators was developed [27]. The benefit of this
technology is that it is cheaper than pyrosequenc-
ing. The disadvantage is reduced specificity due
to the relative short read-length of less than 250
nucleotides.
FUNCTIONAL ASPECTS OF THE
MICROBIOTA IN HEALTH AND DISEASE

Knowing the taxonomical diversity of the com-
munity does not imply knowledge of its functional
capacity. However, to understand the cross-talk
between the host and gut microbes, it is crucial to
be able to describe what functions the microbial
community has. Generally, the neonatal gut is
first colonized by aerobic or facultative anaerobic
bacteria, such as Enterobacteria, Enterococci, and
Staphylococci. When they consume oxygen, it ena-
bles proliferation of anaerobic bacteria like Bifido-
bacteria, Clostridia and Bacteroides. After the first
2 years of life, anaerobic and facultative anaerobic
bacteria dominate the microbiota, and the complex-
ity and the a-diversity increase towards an adult
pattern [5,9]. The Human Microbiome Project
(HMP) and Metagenomics of the Human Intestinal
Tract (MetaHIT) are among the most extensive
international initiatives aiming to describe and
understand the composition and functional charac-
teristics of the intestinal microbiota from infancy to
adulthood in health and disease [2

&&

,3]. The HMP
research team found wide variation in the diversity
and abundance of microbes among healthy patients
with a strong microbial site specialization within the
gastrointestinal tract. All the same, there was a
remarkable functional stability, suggesting that
there are many ways a microbial community may
perform similar functions [28

&&

]. The MetaHIT team,
on the contrary, found that the human gut micro-
biota was separated in three main assemblages, or
so-called enterotypes that represent stable networks
of interacting microbes [29].

A healthy gut microbiota represents a rich
microbiota with a high a-diversity. The diversity,
stability and resilience of the intestinal microbiota
are essential for the complex immunologic develop-
ment and maturation of the host’s immune system
[1

&

,30]. Dysbiosis, defined as disturbances in the
intestinal microbiota, are associated with immuno-
logic deviations, demontrated in intestinal diseases
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as IBD and colorectal cancer, and in systemic dis-
orders as diabetes, metabolic syndrome and atopy
[31,32].
THE INTESTINAL MICROBIOTA IN
ALLERGIC DISEASE

The association between intestinal microbiota com-
position and allergic disease is well documented and
generally accepted [6

&&

,33
&

]. An example is a reduced
microbial diversity in infancy, characterized by
fewer lactobacilli and bifidobacteria and increased
colonization with Staphyloccocus aureus and Clostri-
dum difficile, associated with sensitization and
allergic diseases in childhood [18,34

&&

]. Specific
microbial-associated molecular patterns (MAMPs)
on the surface of a variety of commensal microbes
binds with pattern recognition receptors (PRRs) on
intestinal dendritic cells [35]. An important group of
PRRs is the Toll-like receptors (TLR) that recognize
specific MAMPS, such as lipoteichoic acid (TLR2)
and lipopolysaccharide (TLR4) on the commensal
bacteria cell membrane [36]. TLR signalling initiate
regulatory and effector functions involving den-
dritic cells, immature T-cells differentiating to
Th1, Th2, Th17 or Treg cells, inducing cytokines
and chemokines with the capacity to either induce
CD4þ Th2-type allergic responses or promote Treg
cell-induced tolerance to prevent allergic sensitiz-
ation [37]. The composition and development of
the microbiota are vital for the immune response
outcome, and the diverse intestinal bacterial com-
munity interacts to shape the composition and
genetic diversity of the microbiota [38

&&

]. There is
increasing evidence that the intestinal microbiota
also promote immune differentiation beyond the
intestinal mucosa [39], although the exact mechan-
isms involved in the intestinal-systemic immunity
cross-talk is not well understood [40

&&

].
DIVERSITY OF INTESTINAL MICROBIOTA
AND ALLERGIC DISEASE

It is clear that the unique composition of every
individual’s microbiota is essential in establishing
an immunological homeostasis in the host intestinal
mucosa [41]. This together with the similarities in
microbiota composition and diversity among indi-
viduals with immune-related diseases [34

&&

,42
&&

] has
shed new light on observations underlying the
‘hygiene hypothesis’ and have helped to clarify
earlier inconsistencies regarding immunologic devel-
opment and allergic disease [19,41]. The conception
that microbiota diversity is associated with allergic
diseases emerged a number of years ago. In a pro-
spective case–control study [43] on atopic eczema in
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infancy, microbiota diversity increased between the
ages of 1 and 4 months only in controls. Similarly, a
reduced diversity in faecal flora at 1 week postpartum
was found among children diagnosed with eczema
at 18 months [44]. Recent studies with access to
improved characterization of microbiome compo-
sition and better indices for diversity have investi-
gated this to a further extent. In the Danish COPSAC-
study, Bisgaard et al. [34

&&

] followed a birth cohort of
411 high-risk children for 6 years by clinical assess-
ments of allergic disease, allergic sensitization and
microbiota composition analyzed with16S rRNA PCR
technique and conventional culturing. It was found
that reduced bacterial diversity of the infant’s intes-
tinal flora was associated with increased risk of aller-
gic sensitization, allergic rhinitis, and peripheral
blood eosinophilia, but not asthma or atopic eczema.
In a prospective study from Sweden, Abrahamsson
et al. [20

&&

] described intestinal microbial compo-
sition and diversity in children from families with
high risk of allergy, using barcoded 16S rRNA pyro-
sequensing in faecal samples at 1 week, 1 month and
12 months in 20 sensitized infants with atopic der-
matitis and 20 control infants who had no sensitiz-
ation or allergic disease up to 2 years of age. Among
infants with atopic eczema, there was a lower diver-
sity of the total microbiota and reduced levels of
Bacteriodes genus and the Bacteriodetes and Proteo-
bacteria phyla. Among healthy children Proteobacte-
ria and gram-negative bacteria were more abundant.
In contrast to Bisgaard et al. [34

&&

], the results support
the hypothesis that low microbial diversity early in
life is associated with increased risk foratopic eczema.

In a study to compare the very early diversity of
day-7 fecal microbiota in high-risk infants regarding
atopic eczema and sensitization status during the
first year of life, Ismail et al. [42

&&

] also found that
infants with atopic eczema at 12 months of age had
a reduced early microbial diversity. The diversity of
the intestinal microbiota was not related to infant
sensitization status or the allergic status of the
parents. The fact that this study failed to demon-
strate an association between diversity and atopic
sensitization may be because sensitization status
was only assessed at 12 months, when some of
the children may not yet have been sensitized.

These results should be interpreted with some
caution and are not necessarily valid for a ‘normal-
risk’ population or for populations in other parts of
the world. All three studies were performed in high-
risk populations, in which maternal atopy was
present for a majority of the children, and it cannot
be excluded that the colonization pattern for these
children differs from the general population based on
genetic traits among the mothers transmitted to their
offspring, and inflicting microbiota composition in
ins www.co-allergy.com 259



Outcome measures
both mother and child [45,46]. It is also necessary to
consider whether faecal samples are representative
for colonic mucosal microbial exposure. Recent
articles indicate that host regulatory mechanisms
actively contribute to a stable and resilient mucosal
microbiota and protect against pathogens and other
undesirable microbes left for faecal elimination [47].
Nevertheless, the results taken together support the
hypothesis that microbiota diversity is associated
with IgE-mediated allergic disease. It is also evident
that further investigations in this field need to be
done in larger, population-based, prospective designs
with exploration of new sampling techniques from
mucosal and luminal microbiota from different parts
of the gastrointestinal tract to come closer to an
understanding of the essentials in host-microbiota-
diversity cross-talk.
ENVIRONMENTAL FACTORS INFLUENCING
DIVERSITY

Accumulating evidence from studies [40
&&

,41,48] in
gnotobiotic mice and human patients suggests that
perturbations of the commensal intestinal micro-
biota, for example by exposure to broad spectrum
antibiotics, can predispose to immune deviations
and development of systemic allergic diseases.
Dietary interventions with probiotics to modify
the microbiota, and thereby to induce beneficiary
microbial activation of immune responses, have
shown promising but also conflicting results
[33

&

,49]. Even though several probiotic studies have
shown promising results when it comes to a clinical
effect on atopic eczema, there has generally been no
effect on sensitization status or permanent effect on
intestinal microbial diversity [50

&&

]. Finally, recent
Table 1. What we know and what we do not know

What we do know

A reduced intestinal microbial diversity in infancy increases the
risk of allergic manifestations among high risk children in
childhood

The diversity, stability and resilience of the intestinal microbiota
are essential for the complex immunologic development and
maturation of the host’s immune system

Environmental microbial diversity is associated with intestinal
microbiota development and diversity

Genetic polymorphisms help shape the intestinal microbiota of
mammals. There is evidence that the microbiome to some
extent is actively selected by the host
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investigations on the interaction between environ-
mental biodiversity, immune development and
allergic disease have suggested a rationale for the
so-called ‘Farm-effect’, showing that atopic sensit-
ization and allergy in childhood were associated
with a relatively reduced environmental biodiver-
sity in the children’s surroundings [51

&

,52]. If, and
how, this exposure may influence the generally
anaerobic intestinal microbial community remains
to be investigated, but it is tempting to suggest that
the very early microbiota with more aerobic and
facultative bacteria are particularly receptive to
environmental microbial exposure.
HOST FACTORS INFLUENCING DIVERSITY

The mucus protecting the intestinal mucosa con-
tains IgA that binds with epitopes that are shared by
many gut bacteria and trigger bacterial aggluti-
nation and clearance, thereby shaping the micro-
biota, particularly in the small intestines. The host
mucosa also produces antimicrobial compounds
(defensins, cathelicidins and lectins), which have
the potential to change the composition of the
luminal microbiota [53].

Environment and genetic polymorphisms in the
host have been shown to modulate the intestinal
colonic microbiota in experimental mouse studies
[46,54

&

]. The colonization and homeostasis of the
microbiota are regulated by host genetic makeup
and depend on interactions between innate and
adaptive immune mechanisms particularly in
relation to PRRs [55

&&

]. Host genetic factors, mainly
related to immunity, have been shown to have a
measurable contribution to the diversity of the
microbiota [45]. This implies that genetic
What we do not know

How important are the intestinal microbial diversity for normal
immunologic development and for prevention of allergic
disease in a ‘normal’ or low-risk population?

How can an intestinal dysbiosis be restored to a beneficiary,
stable and resilient microbiota?

Is the composition of the intestinal microbiota cause or
consequence of the host’s immune condition?

To what extent is a host-specific microbiota critical for a normal
immune system development?

What are the exact mechanisms involved in the cross-talk
between intestinal and systemic immunity?

How can we ensure that microbial samples from the
gastrointestinal tract are representative of intestinal microbial
colonization?
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differences between hosts can contribute to
observed differences in microbiota composition.
Recent findings suggest that a host-specific micro-
biota is critical for a healthy immune system, and
that only certain host-specific commensals give rise
to a mature intestinal immune system in mice.
Germ-free mice inoculated with commensal micro-
biota from humans, rats and mice only develop
normal immune responses with a mice-specific
microbiota [56

&&

,57
&

], suggesting that the fitness
of the host also can be an important contributing
factor to diversity.
CONCLUSION

The current evidence indicates that intestinal micro-
biota diversity can be associated with allergic dis-
eases, but the exact mechanisms and interactions
contributing to this effect are far from understood.
The task of revealing the complexity and diversity of
the human microbiome and how environmental
and host factors together modify immune system
development and maturation in health and disease
is immensely challenging (Table 1).

To revisit the Hygiene hypothesis, recent evi-
dence on the impact of the human microbiota diver-
sity and the interplay with environmental microbial
exposure has shifted the attention from ‘hygiene’ to
the diversity of the microbial world we live with and
within us. A number of exposures are leading to a loss
of microbial diversity, like diet, birth, and maternity
routines, antibiotics and reduced environmental
microbial diversity. Accumulating evidence indicate
that we are genetically equipped to design, at least to
some extent, a beneficiary intestinal microbiota to
ensure a homeostatic and tolerogenic immune sys-
tem functionality. Evolution over millennia has
made us able to, and maybe even dependent on, a
coexistence with a vast diversity of microbial life-
forms to develop a healthy immune system to cope
with life through health and disease. In westernized
societies, a deprived microbial exposure throughout
life may represent a pathogenic factor for immune
and inflammatory conditions. Further research to
reveal the enormous complexity of mechanisms
and interactions regarding intestinal microbiota
diversity and the interplay between humans and
their microbial partners may provide future strategies
to cope with the epidemic of immune disorders,
including allergic disease.

Acknowledgements

None.

Conflicts of interest

There are no conflicts of interest.
1528-4050 � 2013 Wolters Kluwer Health | Lippincott Williams & Wilk
REFERENCES AND RECOMMENDED
READING
Papers of particular interest, published within the annual period of review, have
been highlighted as:

& of special interest
&& of outstanding interest

Additional references related to this topic can also be found in the Current
World Literature section in this issue (pp. 317–318).

1.
&

Ursell LK, Clemente JC, Rideout JR, et al. The interpersonal and intrapersonal
diversity of human associated microbiota in key body sites. J Allergy Clin
Immunol 2012; 129:1204–1208.

This is an updated review of composition and diversity of microbiota in different
body sites.
2.

&&

Huttenhower C, Gevers D, Knight R, et al. Structure, function and diversity of
the healthy human microbiome. Nature 2012; 486:207–214.

The Human Microbiome project update on the normal structural and functional
configurations in the microbial communities of a healthy population.
3. Qin J, Li R, Raes J, et al. A human gut microbial gene catalogue established by

metagenomic sequencing. Nature 2010; 464:59–65.
4. Sjogren YM, Tomicic S, Lundberg A, et al. Influence of early gut microbiota on

the maturation of childhood mucosal and systemic immune responses. Clin
Exp Allergy 2009; 39:1842–1851.

5. Adlerberth I, Wold AE. Establishment of the gut microbiota in Western infants.
Acta Paediatr 2009; 98:229–238.

6.
&&

Clemente JC, Ursell LK, Parfrey LW, Knight R. The impact of the gut microbiota
on human health: an integrative view. Cell 2012; 148:1258–1270.

A comprehensive review of the microbiota variability and the correlation with
disease, arguing a holistic approach.
7. Dominguez-Bello MG, Costello EK, Contreras M, et al. Delivery mode

shapes the acquisition and structure of the initial microbiota across multiple
body habitats in newborns. Proc Natl Acad Sci U S A 2010; 107:11971–
11975.

8. Adlerberth I. Factors influencing the establishment of the intestinal micro-
biota in infancy. Nestle Nutr Workshop Ser Pediatr Program 2008; 62:
13–29.

9. Dominguez-Bello MG, Blaser MJ, Ley RE, Knight R. Development of the
human gastrointestinal microbiota and insights from high-throughput sequen-
cing. Gastroenterology 2011; 140:1713–1719.

10.
&

Frei R, Lauener RP, Crameri R, O’Mahony L. Microbiota and dietary inter-
actions: an update to the hygiene hypothesis? Allergy 2012; 67:451–
461.

A review of microbial effects on asthma and allergy, dietary factors and immuno-
regulatory mechanisms associated with bacterial metabolites, suggesting that
dietary contributions now should be included in the ‘hygiene hypothesis’.
11. Adlerberth I, Strachan DP, Matricardi PM, et al. Gut microbiota and devel-

opment of atopic eczema in 3 European birth cohorts. J Allergy Clin Immunol
2007; 120:343–350.

12.
&

Candela M, Rampelli S, Turroni S, et al. Unbalance of intestinal microbiota in
atopic children. BMC Microbiol 2012; 12:95–104.

A study in atopic children showing a imbalance in microbiota with decreased
‘reglatory’ microbes and increased proinflammatory microbes in atopic children as
a rationale for interventions to restore homeostasis.
13. Cerf-Bensussan N, Gaboriau-Routhiau V. The immune system and the gut

microbiota: friends or foes? Nat Rev Immunol 2010; 10:735–744.
14. von Hertzen L, Hanski I, Haahtela T. Natural immunity. Biodiversity loss and

inflammatory diseases are two global megatrends that might be related.
EMBO Rep 2011; 12:1089–1093.

15. McLoughlin RM, Mills KH. Influence of gastrointestinal commensal bacteria on
the immune responses that mediate allergy and asthma. J Allergy Clin Immunol
2011; 127:1097–1107.

16.
&

Hormannsperger G, Clavel T, Haller D. Gut matters: microbe-host interactions
in allergic diseases. J Allergy Clin Immunol 2012; 129:1452–1459.

A review presenting an update on how systemic immune homeostasis depends on
intestinal microbe host interactions with suggestions for further research.
17. Penders J, Thijs C, van den Brandt PA, et al. Gut microbiota composition and

development of atopic manifestations in infancy: the KOALA Birth Cohort
Study. Gut 2007; 56:661–667.

18. Sjogren YM, Jenmalm MC, Bottcher MF, et al. Altered early infant gut
microbiota in children developing allergy up to 5 years of age. Clin Exp
Allergy 2009; 39:518–526.

19. Storro O, Oien T, Langsrud O, et al. Temporal variations in early gut microbial
colonization are associated with allergen-specific immunoglobulin E but not
atopic eczema at 2 years of age. Clin Exp Allergy 2011; 41:1545–1554.

20.
&&

Abrahamsson TR, Jakobsson HE, Andersson AF, et al. Low diversity of the gut
microbiota in infants with atopic eczema. J Allergy Clin Immunol 2012;
129:434–440.

The first prospective study in high-risk infants supporting a hypothesis of low
microbiota diversity associated with atopic eczema.
21. Thomas T, Gilbert J, Meyer F. Metagenomics: a guide from sampling to data

analysis. Microbial Informatics and Experimentation 2012; 2:3–6.
22. Magurran AE. Measuring biological diversity. USA: Blackwell Science Ltd;

2004.
ins www.co-allergy.com 261



Outcome measures
23. Bassler HA, Flood SJ, Livak KJ, et al. Use of a fluorogenic probe in a PCR-
based assay for the detection of Listeria monocytogenes. Appl Environ
Microbiol 1995; 61:3724–3728.

24. Schena M, Shalon D, Davis RW, Brown PO. Quantitative monitoring of gene
expression patterns with a complementary DNA microarray [see comments].
Science 1995; 270:467–470.

25. Brenner S, Johnson M, Bridgham J, et al. Gene expression analysis by
massively parallel signature sequencing (MPSS) on microbead arrays. Nat
Biotechnol 2000; 18:630–634.

26. Margulies M, Egholm M, Altman WE, et al. Genome sequencing in micro-
fabricated high-density picolitre reactors. Nature 2005; 437:376–
380.

27. Bentley DR. Whole-genome re-sequencing. Curr Opin Genet Dev 2006;
16:545–552.

28.
&&
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