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The western world has witnessed a rising epidemic of chronic inflammatory disorders,
such as allergies and asthma. This epidemic is expected to spread also to the rest of
the world, where allergies have to date been practically absent, along with adoption of
western lifestyle. In parallel, biological diversity is globally declining. This inspired
Ilkka Hanski, together with medical doctors, to formulate the biodiversity hypothesis
of allergic disease. This hypothesis proposes that reduced contact with natural envi-
ronments, including natural microbial diversity, is associated with unhealthy human
microbiota, less able to educate the immune system. Contact with beneficial bacte-
ria, particularly early in life, seems to be instrumental to the normal development of
immune responses. Changes in lifestyle and diet, destruction of natural environments,
and urbanisation threaten our natural exposure to these beneficial bacteria and thus
also reduce their impact on our physiology. To ensure a healthy life, we need to pre-
serve biodiversity in the environment and make sure it finds a favourable home in us.
In this review, we will focus on the role of commensal microbiota in human health and
wellbeing, as well as the interaction between our microbiota and environmental micro-
biota, highlighting the contribution of Ilkka Hanski.

Introduction

Life on earth is astoundingly variable. This biodi-
versity encompasses variation in form and func-
tion, as much within species as among species,
and from the largest beings to the tiniest. Inspired
by the work of May (1972), ecologists have long
been interested in the relationship between eco-
system stability and species diversity. In theory,
diversity can either be stabilising, destabilising,

or unimportant depending, e.g., on the structur-
ing of species communities (Fowler et al. 2012,
Fowler & Ruokolainen 2013). While theoretical
models predict many scenarios, empirical data
suggests that increasing diversity promotes sta-
bility through various mechanisms such as func-
tional redundancy, broader utilisation of avail-
able resources, weak among-species interactions,
and alternative energy channels (McCann 2000,
Tilman et al. 2006, Rooney & McCann 2012).
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Albeit the actual quantification of diversity
has not been that clear (Tuomisto 2010), biolo-
gists have long been alarmed by the human-
driven decline in macroscopic biological diver-
sity, namely due to habitat destruction and frag-
mentation. However, we have been largely igno-
rant to diversity much greater than that visible to
our bare eyes — by looking at the world through
a microscope we would see nothing but bacteria.
While these microscopic creatures can be found
virtually everywhere in the environment, they
also populate all multicellular life, including
humans, to the extent that the number of bacte-
ria in the gut of each human being exceeds the
number of all humans to ever have walked this
planet (Gould 1994). Despite their omnipres-
ence, it has only relatively recently become clear
that commensal/symbiotic bacteria are actively
interacting with their hosts in a way that is of
profound importance to individual wellbeing.

Symbiotic bacteria have been shown
to affect the physiology, ecology, and evolu-
tion of their hosts in multiple ways (Shapira
2016). The composition of gut microbiota —
the collection of different bacteria — has been
shown to affect nutrient acquisition, immune
responses, and behaviour of the host (Broderick
& Lemaitre 2012). For example, mosquitos fail
to develop without symbiotic bacteria (Coon et
al. 2014), and the growth of herbivorous insects
(Ruokolainen et al. 2016b), and the fecundity
and pathogen resistance in nematodes (Dirk-
sen et al. 2016) depend on the gut microbial
composition. These examples suggest “evolved
dependency”, meaning that the host has lost
some genetic potential, because symbionts have
made the need for certain functions obsolete
(Rook 2010). While work on the role of bacteria
in natural populations is rapidly increasing, most
studies still focus on human microbes.

During the past decades there was a sharp
increase in the prevalence of inflammatory disor-
ders, such as allergies and asthma, especially in
the western society. There has been a long debate
about the underlying mechanisms explaining this
megatrend. In the late 1980s, it was suggested
that childhood infections protect against aller-
gies (Strachan 1989). While this has later been
shown to be largely incorrect (Bloomfield et al.
2016), increased hygiene, improved sanitation,

and medical preventive care have led to reduced
human infection by helminth parasites, which is
considered to be one of the key reasons behind
the allergy epidemic (Yazdanbakhsh ez al. 2002,
Rottem et al. 2015, Spencer & Zuk 2016). How-
ever, recent evidence suggest that the role of par-
asites is not independent of gut bacteria (Zaiss et
al.2015).

In 2011, ecologists and clinicians proposed
that the two current megatrends — loss of bio-
logical diversity and increased incidence of aller-
gies — could be related (von Hertzen et al.
2011). This idea led to the formulation of the
“biodiversity hypothesis” related to the recent
surge of allergic disease (Haahtela et al. 2013), in
which the central idea is that the development of
a healthy immune system, which is not reacting
towards harmless allergens, relies on sufficient
contact with beneficial bacteria in the natural
environment (Ruokolainen et al. 2016a). Accord-
ing to recent evidence from twin studies, consid-
erable variation in immune function among indi-
viduals is driven by non-heritable influences from
the environment, most likely by many different
microbes that an individuals encounters during
their lifetime (Brodin ef al. 2015).

Indeed, as noted above, bacteria are every-
where. As a consequence, we inhale them, swal-
low them, and touch them. This paints a complex
picture of our lifetime exposure to the environ-
mental biodiversity (Ruokolainen et al. 2016a).
While only a small part of the encountered bacte-
ria is able to permanently colonise our body, the
composition of our microbiota is continuously
affected by microbial invasion from the environ-
ment. In turn, this means that microbial diversity
in our bodies intimately depends on the diversity
of microbes we come to contact with, e.g., in our
food and overall environment we live in. Given
that our symbiotic bacteria help in building and
maintaining a healthy immune defence, it can be
thought that we are protected by two interacting
layers of (microbial) biodiversity (Hanski 2014);
an idea that is summarised in Fig. 1. In the fol-
lowing review, we will consider the constitution
of our commensal microbial partners (the inner
layer), the immunological role of these bacteria,
and how our commensal communities are inter-
acting with communities in the environment (the
outer layer).
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Fig. 1. We (humans) are
protected by two nested
layers of biodiversity, con-
sisting of bacteria (and
other micro-organisms)
residing in our bodies
(both on the external and
internal surfaces) and the
one surrounding us in the
environment we live in.
The diversity and compo-
sition of the inner layer is A
dependent on microbial
colonisation from the outer
layer; a process that is
under the influence of our
behaviour, lifestyle, envi-
ronmental management,
land-use planning, etc.

The inner layer: diversity of the
human indigenous microbiota

The bacteria living in the human body are col-
lectively referred to as microbiota, while the
microbiota combined with their functionality in
the body are called the microbiome. For long it
was thought that the number of bacteria in the
body exceeds the number of our own cells by
an order of magnitude. While this has recently
been shown to be an overestimate (the ratio is
much closer to 1:1; Sender ef al. 2016), the more
than 3 million genes encoded in the genomes of
our microbiota still dwarf the human genome’s
23 000 genes (Qin et al. 2010). Despite this
overwhelming genetic diversity, the human
microbiome tends to have high functional redun-
dancy (Human Microbiome Project Consortium
2012), which is in contrast with the large varia-
tion within and between individuals in microbial
composition. This is somewhat reassuring; the
microbiome is functionally a robust provider of
a multitude of important services to the body.
However, one could argue that functional esti-
mates are still lacking the finer-scale informa-

External microbiota

-

Internal microbiota

— Two protective layers of biodiversity —

tion, and thus some functions may be specific to
some species or communities.

The journey of our microbial selves already
begins in the womb, but a major colonisation
takes place at birth (Rodriguez et al. 2015).
This process can have important consequences
to health in later life, a clear example being that
children born through caesarean section have
higher risk of developing allergies. This has been
linked to the lack of exposure to the bacteria
present in the birth canal (Rodriguez et al. 2015).
While the gut microbiota converges to “normal”
within the first year of life (Bickhed et al. 2015)
— namely due to cessation of breast-feeding, the
critical period of immune system development
already takes place during the first months of life
(Arrieta et al. 2015). Luckily, there is a promise
of a simple cure, by artificially inoculating the
infants with vaginal bacteria (Dominguez-Bello
etal.2016).

The importance of the microbiota to human
health has raised interest towards factors shaping
the microbial composition. Due to differences
in physical conditions, such factors are likely to
differ across the human body. For example, the
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gut environment harbours a somewhat distinct
and well defined community, e.g., in comparison
with the skin, which is the most variable and
diverse of all body habitats (Human Microbiome
Project Consortium 2012). While the gut micro-
biota also tend to be rather stable through life
(Ottman et al. 2012, Faith et al. 2013, David et
al.2014), some transient variation depending on
daily activities also occurs (David et al. 2014).
Not surprisingly, the key factor shaping the gut
microbiota seems to be diet (e.g., Salonen & de
Vos 2014). Interestingly, the modulatory effect
of diet on gut microbiota can also extend beyond
generations (Myles et al. 2013). This is dramati-
cally exemplified by recent results showing that
sustained diet shifts can lead to a progressive,
irreversible loss of horizontally transmitted sym-
biotic bacteria (Sonnenburg et al. 2016).

Other important factors contributing to vari-
ation in microbial composition include sex (Bol-
nick et al. 2014), age (e.g., Ottman et al. 2012),
genetics (Goodrich et al. 2014), and the micro-
biota of other family members (Song et al. 2013).
The composition of gut microbiota is clearly dif-
ferent between western and indigenous people,
which is likely to be due to many lifestyle- and
environment-related factors other than diet (De
Filippo et al. 2010, Clemente et al. 2015). Pro-
spective data obtained from humans regarding the
role of living environment on gut microbiota are
still lacking. Studies among immigrants might be
fruitful in this respect, although the relative role
of changed environmental microbiota and diet in
the possible alterations of the gut communities
can hardly be separated. Different body sites har-
bour clearly dissimilar microbes, which can be
due to either differences in contact with microbial
sources or dissimilar selection forces across sites
(Costello et al. 2009). The skin microbiota are in
closer contact with the environment than the gut,
which is evident when comparing the similarity
of different body habitats with, e.g., soil micro-
biota (Parfrey et al. 2015).

On the skin, there is a relative scarcity of
microbes as compared with other body sites, due
to the highly inhospitable environment, includ-
ing variable temperatures, a low pH, lack of
nutrients, and high levels of salt and antimi-
crobial molecules. Nevertheless, there is a core
population of microbes that thrive on the skin,

with a variable element of transient inhabit-
ants (Grice et al. 2009, Human Microbiome
Project Consortium 2012). The skin provides a
large number of diverse habitats with specialized
niches, the conditions of which vary with skin
thickness, folds, and the density of hair follicles
and glands. Depending on skin topography, there
are areas that are partially occluded and higher
in temperature and humidity, as opposed to very
dry areas, which are subjected to large surface
temperature fluctuations. Sweat and sebaceous
glands provide their unique microenvironments,
bathing the skin in sweat or sebum, respectively.
Thus, skin physiology is the main determinant of
the pattern of colonization of the skin by micro-
organisms, with Staphylococcus and Corynebac-
terium inhabiting moist sites, lipophilic Propi-
onibacterium dominating sebaceous areas, and
Actinobacteria, Proteobacteria and Firmicutes
occupying dry areas (Fyhrquist et al. 2016).

Moreover, the community composition of the
skin microbiota is shaped by the availability of
nutrients and space, by the level of antimicro-
bial molecules produced by the host and other
microbes, as well as by host immune responses
and the extent to which these responses are
modulated by other microbes. Microbial com-
munities on the skin might be key players in host
defence, with skin commensals directly protect-
ing against pathogenic invaders, as well as help-
ing the immune system to maintain a balance
between protection and inflammation (Belkaid &
Segre 2014).

The role of microbiota in disease;
cross-talk between bacteria and
immune system

There are approximately 2 kg of bacteria in an
adult human body, coming in contact with the
host via over 30 m? of epithelium (Helander &
Féndriks 2014). These commensals are no longer
considered passive bystanders or transient passen-
gers, but increasingly seen as active and essential
participants in the development and maintenance
of barrier function and immunological tolerance.
Humans have evolved with these microorgan-
isms, which are not recognised as pathogens —
which elicit defensive immune responses, but are
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rather part of immune regulatory circuits. They
are also involved in the programming of many
aspects of T-cell differentiation in co-operation
with the host genome (Lee & Mazmanian 2010).
Protective mechanisms against inflammatory dis-
eases involve the activation of the innate and
regulatory networks by continuous exposure to
microbial components via the skin, gut and res-
piratory tract (e.g., von Hertzen et al. 2011).

Dysbiosis, the reduced diversity and dis-
turbed composition of the gut (and other) micro-
bial community may have affected the occur-
rence of many inflammatory diseases such as
asthma and allergies, type 1 diabetes, inflam-
matory bowel disease (IBD), obesity, and even
psychiatric disorders, such as depression, being
reported with increasing frequency in west-
ernized countries (reviewed in Haahtela et al.
2013). Studies in both mice and humans indi-
cate that some common members of the normal
microbiota could play a special role in maintain-
ing homeostasis and immune health (e.g., Frank
et al. 2007, Fujimura et al. 2013, Fyhrquist et al.
2014). A decrease in absence of such microbes,
such as many Lactobacilli, in the colon has
been shown to lead to impaired development of
regulatory T lymphocytes (Treg cells), the T-cell
subset that mediates suppression of T-cell medi-
ated inflammatory responses.

Toll-like receptors (TLR) are located on the
surface of some innate immunity cells, and are
used for recognising conserved structures in
microbes. Signalling via TLRs and other con-
served pattern-recognizing molecules that are
present on various cells play a decisive role, not
only in host defence against pathogens, but also
to maintain epithelial cell homeostasis and tissue
repair (Rakoff-Nahoum et al. 2004). This univer-
sal phenomenon has been shown in various tis-
sues and occurs in wound healing (Bollyky ef al.
2009). Evidence from mice highlights the role
of TLR stimulation to confer protection against
inflammatory conditions, supporting the epide-
miological studies of human populations living
in a microbe-rich environment. These effects
were mediated by the induction of regulatory cir-
cuits and by stimulating innate immune mecha-
nisms in epithelial cells (Pagnini et al. 2010).

An imbalance between ‘pro-inflammatory’

and ‘anti-inflammatory’ microbes may also

result in an increased susceptibility of the host
to inflammatory diseases and could explain, e.g.,
the increase in paediatric inflammatory bowel
disease (IBD) (Lehtinen et al. 2011). A disrup-
tion of the signalling microbiota between TLR
and other receptors cause immune dysfunction,
enhancing the colonization and growth of a
biased microbiota, thus creating a self-perpetu-
ating circle to push the host—microbe interaction
towards an ‘unhealthy’ state (von Hertzen et al.
2011). A concrete example of the central role of
gut microbiota in health is that transplanting gut
microbiota from an obese individual can result in
obesity in the recipient, and horizontal transfer
of microbiota from lean individuals can in turn
transform the metabolic profile of obese micro-
biota to a lean-like state (Ridaura er al. 2013).
Faecal microbiota transplant has also been suc-
cessfully used to restore the balance of micro-
biota in severe Clostridium difficile infections
(Surawicz & Alexander 2011).

While most studies have focused on interplay
between gut microbiota and immune system, also
the skin flora has the ability to shape our immune
responses. In genetically-predisposed individu-
als, various environmental factors may lead to
inflammatory skin responses and impaired bar-
rier function, as seen with chronic eczema (Cork
et al. 2009). In contrast, it has been shown that
certain skin bacteria can have a relatively strong
immunoregulatory function (Hanski et al. 2012,
Fyhrquist ef al. 2014). A good example is the the
genus Acinetobacter, which seems to play a key
role in maintaining immune balance, by both
suppressing and regulating immune gene expres-
sion (Fyhrquist et al. 2014).

The interaction between the
outer- and inner layers of
microbial diversity

As noted above, the initial inoculation of human
microbiota mostly takes place at birth. How-
ever, this is not the case for most other animals.
Placental mammals are usually born with their
amniotic sacs (rarely also happens in humans),
and large-scale microbial colonisation is initi-
ated by the mother licking the infant after the
amniotic sac has been removed. The primary
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source of colonizing microbiota in the animal
kingdom is direct transmission from the environ-
ment — especially in aquatic animals (Mulder
et al. 2009, Freese & Schink 2011, Roeselers
et al. 2011, Berg et al. 2016) — and from diet,
which is the case, e.g., in herbivorous insects
(Broderick et al. 2004, Robinson et al. 2010,
Broderick & Lemaitre 2012, Ruokolainen et al.
2016b). However, vertical transmission is also
possible (Shapira 2016), such as the sharing of
cellulolytic protozoans in termites (Lombardo
2008). As considered above, horizontal transfer
is clearly important in humans (Arrieta et al.
2015, Béckhed et al. 2015, Dominguez-Bello et
al. 2016). Still, microbial colonization continues
throughout life, with potential health outcomes
(Ruokolainen ef al. 2016a).

If we look back to the history of our spe-
cies, the allergy epidemic can be seen to par-
allel the recent, rapid development in the
human societies. Accelerating urbanisation and
increasing cover of artificial surfaces reduce
the opportunity for contact with environmental
microbiota (Haahtela er al. 2015). This is sup-
ported by observations that children living in
more green environments tend to have a lower
risk to develop allergies (Hanski et al. 2012,
Ruokolainen et al. 2015), which in turn agrees
with observations that traditional farm environ-
ment tends to be protective (e.g., Lampi et al.
2011). Soil and plants — as well as fresh fruit,
berries, and vegetables — are rich in Proteobac-
teria, with potential anti-inflammatory properties
(von Hertzen 2015), which gives credence to the
observed association between the living environ-
ment and health. Experiments on animals sug-
gest that the living environment indeed affects
the composition of gut microbiota (Mulder et al.
2009), which can in turn influence immune toler-
ance (Lewis er al. 2012, Pi et al. 2015).

However, it is not clear how generally the
environment-health relationship observed in
Finland (Ruokolainen et al. 2015) applies to dif-
ferent surroundings (Fuertes et al. 2016). While
access to green space might be important, there
is no guarantee that this opportunity is utilised.
We spend more and more time indoors, where
vacuum cleaners (Avershina et al. 2015), dish-
washers (Hesselmar et al. 2015), and antimi-
crobial agents have contributed to impoverished

microbial diversity. The indoor microbial envi-
ronment strongly reflects that of the inhabitants
being comprised mostly of human-derived skin
bacteria (Lax er al. 2014, Barberan et al. 2015),
rather than bacteria from the surrounding out-
door environment (Barberan et al. 2015). Still,
the composition of the inhabitants, as well as
the transfer of outdoor microbiota by differ-
ent inhabitants, also affect indoor microbiota
(Stamper et al. 2016). This means that such fac-
tors as lifestyle, behaviour, and social contacts
(Tung et al. 2015) are likely to be relatively
important for the dynamics of the microbiota in
our immediate living environment as well as that
in our bodies (David et al. 2014).

Reflecting back on our evolutionary history,
recent results comparing wild and captive pri-
mates suggest that alteration in the lifestyle
and living environment of captive animals lead
to loss of native microbiota and convergence
along an axis towards modern-human microbiota
(Clayton et al. 2016). Interestingly, captive pri-
mates seem to resemble non-western humans,
many of which have distinctively different
gut microbiota from that of western humans
(Schnorr et al. 2014, Clayton et al. 2016). Future
work should compare immune tolerance in wild
and captive animals to see whether the role of
the living environment and lifestyle on health
can be generalized.

Recently, an immunological mechanism
has been demonstrated, through which bacte-
rial endotoxin in farm dust can suppress type 2
(Th2) immune response in the lung (Schuijs et
al. 2015). This highlights the protective role
of the living environment and lifestyle in a
somewhat specific manner, relying especially on
contact with farm animals. However, there are
potentially more subtle ways of enriching the
microbiota in the immediate living environment.
For example, having furry pets — dogs in par-
ticular — in the household significantly increase
the microbial diversity in house dust (Fujimura
et al. 2010, Barberan et al. 2015, Kettleson et al.
2015). Being in close contact with the ground,
dogs are effective in sampling the environmen-
tal microbiota and introducing them indoors
(Schaub & Vercelli 2015). Oral administration
of dog-associated house dust to mice has been
shown to be allergy protective (Fujimura et al.
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2013) and there is also evidence suggesting that
pet exposure modifies the infant gut microbiota
in a protective manner (Nermes et al. 2015).
Thus, having a pet is one potential solution for
increasing the immune-supporting contact with
environmental microbes.

Synthesis

Considering the critical role of early life expo-
sure (Arrieta et al. 2015) — even before birth
(Ruokolainen et al. 2016a), our health might
largely boil down to the choices of our parents.
At first, this might sound discouraging; do our
own actions in later life bare no significance?
However, it is clear that our living environment,
physical activity, and diet affect our physical
and mental health through life. Studies on immi-
gration from countries with low allergy preva-
lence to western societies indicate that healthy
immigrants can start to develop inflammatory
disorders in the new environment, which could
indicate that the immune system could be re-
programmed under sufficiently long and intense
exposure (Garcia-Marcos et al. 2014).

What is also important to bear in mind is
that even though the environment would be
rich in beneficial bacteria, it does not help if our
body — namely the gut but also the skin and the
respiratory tract (Aho et al. 2015) — is a barren
wasteland for these bacteria. For example, the
gut environment is strongly affected by what
we eat (Salonen & de Vos 2014). Western diet
rich in meat and simple sugars does not provide
a favourable medium for those bacteria that
promote our immune function by metabolis-
ing short-chained fatty acids from dietary fibre
(Trompette et al. 2014, Richards et al. 2016).

The bacteria in our gut have been shown to
be in a bi-directional interaction with our brain
— via neural, endocrine, immune, and humoral
links, known as the microbial gut-brain-axis
(Carabotti et al. 2015). We propose here that we
should also recognize a bi-directional environ-
ment—microbiota—health axis. Microbes that col-
onize us from the environment have the power to
affect our health, whereas we hold the power to
engineer the environment; both our inner as well
as the one surrounding us. It follows that while it

is important to preserve biological diversity for
its own sake, we should also do it for our own
sake. Not only are our livelihoods and societies
dependent on the provisioning of ecosystem ser-
vices (Costanza et al. 2014), but we also owe our
health to the diversity of microbial life surround-
ing us. As the diversity of microbiota interacting
with our immune system, as well as performing
other vital functions in our bodies, ultimately
arises from the microbiota present in our living
environment, to preserve our inner biodiversity
we also need to preserve the outer biodiversity.
This is part of the legacy Ilkka Hanski — a tire-
less proponent of nature conservation — left us
to remember. We hope this legacy is continued
in research, but also that the idea of the environ-
ment—microbiota—health axis would be better
recognized by policy makers.
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