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Does diversity of environmental microbial exposure matter
for the occurrence of allergy and asthma?
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This review describes the recent literature on microbial
exposures and protective effects for asthma and atopy. Certain
microorganism-associated molecular patterns have been
identified as agents that might influence the development of the
immune system, which in turn leads to protective effects for
asthma and atopy. Endotoxins from gram-negative bacteria
were the first agents associated with a reduced risk for asthma
and atopy. In later studies, b(1/3)glucans, extracellular
polysaccharides, and muramic acid from, respectively, molds
and gram-positive bacteria were associated with a reduced risk
of allergy and asthma separately in rural and urban
populations. These results already suggested that not just one
but several independent microbial signals from gram-negative
and gram-positive bacteria, as well as molds, might play a role
in explaining the protective effects. Recently, the diversity of
microbial exposure has been associated with such a reduced risk
in farmers’ children. Surprisingly, the diversity of both fungal
and bacterial exposure seemed to have protective effects. These
results open new areas of research and create complex
challenges. Methodological issues, such as environmental
exposure characterization and assessment and elucidation of
potential underlying mechanisms, are discussed because these
aspects have a major influence on how microbial diversity can
be studied in future studies in relation to protective effects for
asthma and atopy. (J Allergy Clin Immunol 2012;nnn:nnn-nnn.)
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Asthma prevalence has increased in recent decades and seems
to have stabilized in affluent countries.1-3 Established risk factors
for asthma, such as allergen exposure, could not explain the in-
crease in prevalence, and the role for atopic asthma seems smaller
than earlier thought.4 Many population studies indicate that a
change in lifestyle (‘‘westernization’’) seems to play a role in
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the change of occurrence in asthma. For instance, studies compar-
ing Eastern and Western Germany shortly after unification
showed a higher asthma prevalence in Western Germany than
in Eastern Germany, although house dust mite allergen levels
did not clearly differ.5 Studies in the Finnish and Russian Karelia
region indicate a difference in allergic asthma occurrence be-
tween populations at either side of the border, despite the fact
that ethnic background and geoclimatic environments are simi-
lar.6,7 Asthma is more clearly attributable to IgE sensitization in
Finnish than in Russian children.6 Studies that explored the con-
tents of pooled house dust samples from Finnish and Russian
homes showed high levels of muramic acid in Russian homes, a
marker of gram-positive bacteria.8 The gram-positive bacteria
were predominantly animal-associated species, and it was hy-
pothesized that exposure to these species might have skewed de-
velopment of the immune system, which led to a protective effect
with regard to development of sensitization in Russian children.
However, the study had an ecological design, and no direct asso-
ciation was observed between the presence of microorganisms
and asthma.

Results of the Karelian studies seem in agreement with those of
more recent studies in farming communities. Increasing numbers
of studies report a reduced risk of atopy, hay fever, and asthma in
farmer’s children, adolescents, and adult farmers, most likely as a
result of early-life microbial exposure.9 Endotoxins from the cell
walls of gram-negative bacteria were the first specific group of
microbial agents, which were considered to play an important
role in protective effects for allergy and possibly asthma.10

More recently, protective associations have been observed for
muramic acid, a marker for gram-negative and gram-positive bac-
teria, and extracellular polysaccharides (EPSs) and glucans,
markers indicative of fungal exposure not limited to famers’
children.11-16

There are numerous studies that have now associated exposure
to microbial markers in the home environment, even in inner-city
populations. For instance, endotoxin appeared to be associated
with protective effects for eczema17 and asthma, with the latter
seen in cross-sectional18-21 and longitudinal13,22 studies among
rural, urban, and inner-city children from across the world. In
some studies these signals are present after mutual adjustment in-
dicating that several independent microbial signals from bacteria
and molds can exert protective effects.13,16 Exposures early in
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FIG 1. An air sample taken at the farm during grain handling, which clearly

illustrates the heterogeneous exposure to various bacteria and mold

fragments (hyphae) and spores. Gram-negative bacteria will contribute to

endotoxin exposure, and gram-positive bacteria will contribute to muramic

acid exposure. Mold fragments and spores contribute to glucan and EPS

exposure, with the latter depending on the species. With courtesy of Dr

Anne S. Halstensen and Dr Wijnand Eduard, National Institute for Occupa-

tional Health, Oslo, Norway.
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life, including the prenatal period, appear particularly protective,
but it has been suggested that continued exposure might be re-
quired to maintain optimal protection.23 Studies among adults
with high occupational exposures andwithout early childhood ex-
posures because they were not raised on a farm have also shown
clear protective effects associated with endotoxin exposure. How-
ever, these associations were observed at endotoxin exposure
levels that are orders of magnitude higher than usually encoun-
tered in the home environment.24

Molecules, such as endotoxins, EPSs, glucans, and muramic
acid, which originate from the cell walls of microorganisms, are
recognized by the innate and humoral immune system and
referred to as pathogen-associated molecular patterns (PAMPs)
or microorganism-associated molecular patterns (MAMPs).
PAMPs are recognized by cellular receptors, such as the so-
called Toll-like receptors (TLRs), of the innate immune system
and are known potent proinflammatory agents.25-27 TLRs are now
seen as key receptors that alert the immune system to the presence
of microbial infection. Thirteen TLRs (TLR1-TLR13) have been
identified in human subjects and recognize ligands from different
microorganisms ranging from endotoxin from gram-negative
bacteria, heat shock proteins, lipoproteins, lipopeptides or flagel-
lin from bacteria, bacterial DNA, or viral RNA. Molecules that
mediate TLR signaling have also been identified, and TLR signal-
ing pathways have been unraveled to a large extent. The effect of
exposure to complex mixtures containing multiple MAMPs on
TLR signaling has not been studied.
MAMP EXPOSURE AND EXPOSURE ROUTES
How are subjects exposed tomicroorganisms andMAMPs, and

where do they come from? Early studies have already shown that
animal husbandry is associated with high exposures to gram-
positive and gram-negative bacteria from animal gut flora, animal
fur, or plant-derived animal fodder.28,29 Microbial exposure on
the farm might also involve different zoonotic species (Coxiella
burnetii [Q-fever], Mycobacterium species, and Campylobacter
species, Clostridium perfringens, Enterococcus species, Esche-
richia coli, and Salmonella species), which originate from farm
animals and can cause infections in human subjects.29,30 When
parents with young children visit a stable or barn, they are directly
exposed because they inhale stable air, which contains high levels
of microorganisms up to 1000-fold higher levels than in dwellings
(see Fig 1).28,31 Subjects will bring in microorganisms from the
stables into the farmhouse through their skin, hair, clothing, and
shoes. These microorganisms can become airborne again and
can be inhaled after resuspension. Direct transport through the
air from farm to living areas has been observed in different stud-
ies.31,32 As a result, outdoor microorganisms or microorganisms
that can be found in farmhouses are found in air, floor dust, and
even in mattress dust in homes.31-33 At higher age, the child
will play in the farmyard and might enter stables and have direct
contact with animals that will lead to oral uptake and respiratory
exposure.

Particulates in the air of stables are relatively large and
generally have aerodynamic diameters of greater than
5 mm.34,35 They will predominantly deposit in the higher airways
and will be cleared through the gastrointestinal tract. Thus inha-
lation of large particulates leads to both oral and respiratory up-
take of microorganisms. Direct skin contact and mouthing
behavior of the child will also contribute to oral uptake.
In (sub)urban environments the main sources of microbial
exposure are the presence of pets in the house, shedding by human
occupants, and microbial growth resulting from specific climatic
and housing conditions (home dampness). Animal contact of
children as part of leisure activities, such as horseback riding, can
be expected to be sources of short but high microbial exposure.36

Human subjects shed especially gram-negative and gram-positive
bacteria; for instance, endotoxin levels in dwellings have been
shown to be correlated to occupancy.37,38 Companion animals
bring in soil particulates, which contain microorganisms, and
the animals themselves are a source of gram-positive and gram-
negative bacteria through shedding of hair, dander, saliva, and fe-
cal particulates. Factors such as the presence of carpeted floors
and cleaning practices by the occupants of houses are known to
modify the exposure.37,38
MICROBIAL ENVIRONMENTAL DIVERSITY AND
ASTHMA AND ATOPY

The association between microbial exposures and the protec-
tive effect for asthma and allergy has been put in a completely new
perspective by results from 2 independent population surveys.39

In one study microbial exposure to bacteria was characterized
by analyzing mattress dust samples from the child by using mo-
lecular techniques. For this study, a fragment of the variable re-
gions 4 and 5 of the 16S ribosomal DNA was amplified and
analyzed by means of single-strand conformational polymor-
phism gel electrophoresis. This led to a total of 76 detectable
bands, with each band representing most likely 1 bacterial spe-
cies. The association between bacterial diversity and asthma
was strong, with an odds ratio of 0.62 for each additional 10-
band increase in microbial diversity. The contribution of each
band was further analyzed by using factor analysis. Bands that
mapped to significant factors were excised, and DNA in each
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band was cloned, sequenced, and compared with a database for
phylogenetic identification. Two clusters containing various clus-
tered bacterial species were found, and these 2 clusters appeared
also associated with a clear protective effect on asthma, although
less so for atopy. One factor consisted of the species Listeria
monocytogenes, Bacillus licheniformis and other Bacillus
species, Corynebacterium species, Methylobacterium species,
Xanthomonas species, Enterobacter species, Pantoea species,
and others. The other factor consisted of bands coding for Staph-
ylococcus species, Salinicoccus species, Macrococcus species,
Bacillus species, Jeotgalicoccus species, and others.

In the second survey microbial exposure was characterized by
measuring viable bacteria and fungi in settled dust samples from the
bedroomair of the child, and resultsweredescribed for 9 fungal taxa
(including yeasts). Of the viable fungi, Eurotium and Penicillium
species were associated inversely with asthma but not after adjust-
ment for multiple comparisons. The surveys were complementary
because in one the emphasis was on bacterial species while in the
other also mold diversity was established. In both studies there
was a striking association between an increasing diversity ofmicro-
bial exposure and a gradually decreasing prevalence of asthma.
WHAT DO WE KNOW ABOUT MICROBIAL
DIVERSITY IN THE ENVIRONMENT?

The abovementioned studies are the first that describe such an
association. Molecular technology is rapidly advancing, and new
higher-resolution techniques have become available that measure
microbial diversity in a high-throughput fashion. It is timely to
consider the results of studies on measurement of environmental
microbial diversity and some methodological issues to optimize a
new generation of epidemiologic surveys in the field of asthma
and allergy. Most molecular diversity studies conducted thus far
have been exploratory. A typical metagenomic study includes a
limited number of samples. Variability between environments or
over time is yet poorly understood. However, the first results are
exciting and open a completely new field, especially because
these techniques open up a world that was invisible until recently.
Surveys of outdoor environments (soil and water samples) reveal
the presence of thousands and sometimes even millions of
different species.40 A significant fraction of the clone sequences
appear to be novel, although quality control issues with sample
treatment and DNA amplification might complicate interpreta-
tion.41 An intriguing example are organisms from the domain Ar-
chaea, formerly classified as Archaea bacteria. Some Archaea
species live in the gut of ruminants. They are extreme anaerobes,
sensitive to oxygen, and difficult to culture. Levels in stable air ap-
peared extremely high up to 108 per cubic meter on the basis of
quantitative PCRmeasurements, and some species have been sug-
gested to have protective properties.42 Bacterial diversity in out-
door air samples seems highly variable over time and
dependent on meteorologic conditions43 and higher in areas
with agriculture than in suburban areas and forests.44 House
dust from the low-allergy Russian Karelia contained more
gram-positive bacteria (Firmicutes and Actinobacteria), predom-
inantly Staphylococcaceae and Corynebacteriaceae, probably
with an animal source as the likely origin.8 Finnish Karelian
dust contained more gram-negative bacteria (mainly Proteobacte-
ria) and clones of plant-associated bacterial species.

In general, the biodiversity of indoor air samples is lower than
that of samples from outdoor environments.45 Moreover, indoor
samples contain fewer novel sequences than outdoor environmen-
tal samples. Bacteria found indoors are more often human related,
although libraries with sequences are likely to be biased in the di-
rection of human pathogens.45,46 Taubel et al46 studied bacterial
diversity on skin samples and mattress and floor dust samples.
Analysis of samples from 4 houses showed that mattress dust
samples are dominated by gram-positive bacteria. The specter re-
sembles the specter of human skin, andmost microorganisms thus
seem to have been shed by human subjects. Floor dust samples
had a higher microbial diversity, with more species of likely envi-
ronmental origin. Therefore probably many microorganisms on
the floor are brought in from outside by human subjects or pets
(walk-in exposures) or are deposited after air exchange between
the outdoor and indoor environments (ventilation). More gram-
negative bacteria were found in the floor dust samples, and as ex-
pected, LPS concentrations in floor dust samples were increased
as well. Households with cats or dogs and with children who at-
tend day care centers have distinctly different bacterial communi-
ties.47 Day care centers exhibit a high bacterial diversity, and it
appears that diaper changing contributes significantly to bacterial
load.48 Korthals et al33 detected several outdoor related species,
such as Acinetobacter species, Brevicompactum species, and
Arthrobacter species, in mattresses of children living on farms.
Bacterial diversity appeared strongly dependent on location; ex-
posure in close proximity of the source differs from the pattern
at greater distance.49 Considerably less information is available
for fungal diversity in the air. In a recent large-scale ecologic
study, indoor fungal composition appeared to have a clear geo-
graphic pattern and, surprisingly, appeared more diverse in tem-
perate zones than in tropical areas,50 pointing to strong
environmental selection.

Thus farm environments seem to have a higher diversity, with
species that originate from animals, plants, and fodder, but the
evidence is still limited. Bacterial diversity is lower in indoor
environments and more strongly dominated by species that are
shed by human subjects. Variability over time and between
different environments needs to be studied in greater detail.
FUTURE CHALLENGES
The study by Ege et al,39 highlighting the potential protective

role of microbial diversity, raises many questions and methodo-
logic issues relevant for future studies and does raise potential
new hypotheses that have to be explored in the near future:

d Environmental exposures as a cause of asthma and allergy.
The association between microbial diversity of the environ-
ment and allergy re-emphasizes the environment as the
cause of asthma and allergy. The genetic revolution of
the past few years led to the identification of a number of
novel asthma and allergy genes but was somewhat disap-
pointing in the sense that associations were relatively
weak and cannot explain solely the occurrence of asthma
and allergy in a satisfactory way. The same genetic technol-
ogies applied to environmental samples will hopefully be
the starting point for a revolution in microbial exposure as-
sessment and a more thorough exploration of the role of the
microbial environment in asthma and allergy. Eventually,
gene-environment interactions based on well-designed ex-
posure studies will have to be further explored.

d Is there a relation between environmental exposures and
the human microbiome? Until recently, the lung was
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believed to be a sterile environment; this now appears not
to be the case.51-53 It is not clear whether the lung has a sta-
ble microbial community or whether transient colonization
occurs more regularly and whether these changes are asso-
ciated with environmental exposures. Repeated skin and fe-
cal measurements in 2 subjects have shown that only a
small fraction of all taxa found within a single body site
are present across all time points.54 This suggests that the
human core microbiome is small, whereas many taxa
were present at some but not each occasion. It seems plau-
sible that external influences, such as inhalation or inges-
tion of microorganisms, can temporarily change the
composition of the microbiome and that farm or- animal-
associated microorganisms might compete with microor-
ganisms promoting asthma. Whether this leads to changed
colonization patterns, for instance in which pathogens are
outcompeted, needs to be established. Haemophilus influ-
enzae, Moraxella catarrhalis, and Streptococcus pneumo-
niae colonization at neonate age have been associated
with the occurrence of asthma in childhood55; however,
their causal role has been debated,56 and it is not clear
whether these organisms occurred because of absence of
competition with other species in particular environments.
Several studies have shown that diversity of the gut flora
is related, although not consistently, to allergic sensitiza-
tion.57-61 Children living on farms consume raw milk,
and raw milk consumption has also been associated with
protective effects against the development of asthma and
allergy.62 Inhalation of microorganisms also leads to oral
exposure. Whether inhalatory exposure to microorganisms
or oral intake of raw milk can influence the human gut mi-
crobiome is not clear yet but is a relevant question to ex-
plore in future studies. Changes in the microbiome need
not be permanent but might occur transiently and repeat-
edly over time. Alternate disease models taking the poten-
tial benefit of the variability of exposures into account
might have to be explored to understand relations between
microbial exposures and occurrence of disease.63

d Underlying mechanisms. What are the underlying mecha-
nisms that explain the protective effects of exposure to mi-
croorganisms? Different hypotheses exist:
d A plausible hypothesis is that the protective effects of
microorganisms are the result of signaling through the
innate immune system by PAMPs. The fact that gene-
environment interactions have been found for innate im-
mune system–related genes involved in TLR signaling
illustrates the potential relevance of this mechanism.64

Although correlations between endotoxin, muramic
acid, EPS, and glucan exposure on the one hand and mi-
crobial diversity on the other hand have not been stud-
ied, it can be expected that when more species are
present, levels of these microbial markers are higher.
Which marker correlates best with microbial diversity
depends on the microbial community present in a cer-
tain environment. This raises the question of whether
the diversity or composition of the microbial community
itself plays a causal role or whether it is merely an issue
of the dose of proinflammatory markers that triggers
protective immunologic responses. Strong indications
exist that microbes or microbial components stimulate
innate immune receptors and thereby favor the genera-
tion of regulatory T cells that promote immunologic tol-
erance through complex signaling pathways of the
immune system.25 Differences seem to exist among
the few species studied; some species elicit stronger
neutrophilic inflammatory responses, whereas other spe-
cies seem to better promote tolerance, in particular in in-
tergenerational asthma models (Acinetobacter lwoffi;
Bacillus licheniformis; Lactococcus species, such as
Lactococcus lactis; Listeria monocytogenes; Lactobacil-
lus rhamnosus; Mycoplasma pneumoniae; and Myco-
bacterium tuberculosis).65-73 Thus different species
might differentially contribute to the immunologic prop-
erties of complex environmental mixtures. Given that
the innate immune defense is a wide-meshed filter that
recognizes MAMPs rather than individual microbial
species, redundancy of exposures or reinforcement of
signals might play a role. If the dose of protective mi-
crobial signals is the driving factor, it will depend on
the composition of the underlying microbial community.

d Other signaling molecules than the MAMPs identified
thus far might also play a role. Microorganisms are
known to have communication systems, such as quorum
sensing, which make use of signaling molecules, en-
abling a cooperative response, potentially at the expense
of some species, at high cell densities though activation
of gene transcription.74 Quorum-sensing molecules have
broad biological activities beyond their role in bacterial
communication. They are known to have antimicrobial,
pharmacologic, and immunomodulatory activities.75,76

The profile of these molecules at any given time might
reflect the status of a microbial community. This opens
new areas of research in environmental exposure to mi-
croorganisms. All the above examples indicate that the
hypothesis influences how diversity should be assessed.

d An alternate hypothesis might be that a more complex
community of microorganisms protects more optimally
against colonization or even infection by certain patho-
gens? If so, viability of the different microorganisms
might play a role. Molecular techniques measure a com-
bined viable and nonviable signal. Colonization and in-
fection both depend on viability. Viability seems less
relevant for mechanisms based on TLR signaling by
MAMPs. In case of TLR signaling, other issues might
play a role: Should microorganism be intact, and should
there be several parallel microbial signals from different
species?

d Optimal exposure assessment. Optimal exposure assess-
ment by measuring a subject’s environmental exposure
with similar accuracy and precision as a subject’s genome
has been mentioned as a requirement for future studies.77

This can most likely not be achieved for the following rea-
sons. First, it is still questionable whether reservoir mea-
surements are a good proxy for inhalatory exposure of
inhabitants of houses.78,79 Second, environmental exposure
is highly variable,79 as observed for many exposures, in-
cluding endotoxin in floor dust80,81 and viable microbial
counts.82 The variability in the composition of the environ-
mental microbiome raises additional problems, and to-
gether, these issues lead to different types of errors.83
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These errors in the exposure assessment might lead to un-
derestimation of exposure-response relations but can also
create other difficulties in the interpretation of studies and
complicate requirements for replication.63

d Type 1 errors refer to false-positive results from the
large number of comparisons. When microbial diversity
is measured with high-resolution techniques, an enor-
mous stream of information becomes available, and
this immediately introduces multiple comparison issues.
The studies conducted thus far give a snapshot of the
present microbial exposure. The dynamics of microbial
populations in the environment are poorly understood.
Potential analytic errors will be superimposed on top
of the large environmental variability over time and
space. Repeated measurement studies are required in
more powerful future studies to be able to distinguish
between microorganisms, which are transiently and per-
manently present.

d Type II errors refer to the lack of sensitivity of measure-
ment techniques resulting in false-negative results.
Levels for some of the individual species in environ-
mental samples are expected to be low, and the available
material for analysis is often limited. Moreover, analytic
techniques, such as single-strand conformational poly-
morphism and denaturating gradient gel electrophoresis,
have relatively high detection limits.33 Thus the likeli-
hood that these errors might arise is high. Alternative
techniques, such as deep sequencing, are expected to
be considerably more sensitive.

d Type III errors refer to the lack of biological relevance
of some microorganisms detected in statistical analyses.
This is a crucial issue because the underlying mecha-
nisms are only partially unraveled, and the role of indi-
vidual microorganisms or microbial communities in the
cause of asthma and allergies is not yet understood.

d Replication of associations. Replication of associations
with environmental exposures is more difficult because of
the inherently high variability in exposure over time.63,83

This raises the following question: When can we speak of
replication? To a large extent, this depends on our hypoth-
esis and explanatory models. Do we expect to reproduce
the concept of diversity in another study, or do we expect
also the same microbial pattern associated with the protec-
tive effect for asthma and atopy?84 Because indications ex-
ist that both the environmental and human microbiomes are
to some extent variable, this might not be an easy task.
What do we expect from future microbial diversity studies?
In any case replication requires accurate exposure assess-
ment, and thus repeated measurement studies are needed,
embedded in large cohort studies of asthma and allergy.

In conclusion, the recent development of molecular techniques
to study the microbiome has opened new approaches that will
help in understanding the contribution of environmental exposure
to microorganisms and their diversity to human health. The
microbiome does not only relate to human body habitats but also
to a human subject’s exposure to diverse microbial communities
in the exterior environment and its potential effect on human
health. These developments might require application of new
concepts, such as the investigation of microbial ecologic systems
rather than the identification of individual pathogens. Many
questions relating to the best methodologies to assess exposures
and their effect on human health are still open and need to be ex-
plored in a new generation of large interdisciplinary studies.
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