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“I shall soon be rested,” said Fanny; “to sit
in the shade on a fine day, and look upon
verdure, is the most perfect refreshment.”
—Fanny Price, in Chapter 9, Mansfield
Park, by Jane Austen, published in 1814

Introduction

We all accept the notion that exposure
to the natural environment or to gardens
and parks can be beneficial. Indeed, large
epidemiological studies demonstrate that
living close to natural rural or coastal
environments, often denoted
space” or “blue space”
reduces overall mortality, cardiovascular
disease, and depressive symptoms
and increases  subjective feelings of
well-being (Maas et al. 2006; Mitchell
and Popham 2008; Wheeler et al. 2012).

These beneficial effects are particularly

“green
respectively,

prominent in urban individuals of low
socioeconomic status who tend to be most
severely deprived of green space (Maas
et al. 2006; Mitchell and Popham 2008;
Dadvand et al. 2012; Wheeler et al. 2012).

If asked why these effects occur, most
people implicate relaxation,
sun, and However,
work suggests that the answer is more

would

exercise. recent
complicated than that. Here, | will first
explain the information gaps in the
current concepts, then introduce a
new candidate: exposure to microbial
biodiversity, which is rendered essential
by our evolutionary history and by the
workings of our immune systems. This
issue is important because the more
we understand the mechanisms of the
health benefits of green space, the more
efficiently we can exploit them for human
well-being.

Some protagonists of the view that
the benefits are due to psychological
mechanisms tend to quote the rapid
psychological and physiological changes
that can be demonstrated after short
exposure to parkland and forests. This
rapid effect can be proven not only by
psychological testing (Berman, Jonides,
and Kaplan 2008), but also by mobile
electroencephalograms (Aspinall et al.
2013) and by measurements of cerebral
blood flow, various cardiac parameters,
blood pressure, and salivary levels of
the stress hormone cortisol (Tsunetsugu,
Park, and Miyazaki 2010; Park et al. 2010).
But there are two major uncertainties
about the relevance of this work (See Fig.
1. First, there is the issue of specificity.
In addition to comparing exposure to a
green space with exposure to a busy city
street, it would also be useful to compare
it with other relaxing environments, such
as a quiet comfortable inner city café
or videos of cute kittens. The second
problem is the absence of evidence
that the rapid
term psychological and physiological
changes that follow exposure to natural
(whether specific to
such environments or not) translate

measurable short-

environments

into long-term health benefits. In other
words, are these immediate short-term
effects related to the long-term health
benefits of living close to green space
over many years, such as reduced
mortality, cardiovascular disease, chronic
inflammatory disorders, and depression
(De Vries et al. 2003; Maas et al. 2006;
Maas et al. 2009; Mitchell and Popham
2008; Wheeler et al. 2015) or are they
more transient in nature?

So although these psychological effects
unquestionably exist, we do not fully
understand their role. It is likely that the
relaxation and satisfaction derived from
the natural environment represents the
equivalent of “habitat selection” in other
species (Morris 2011). As shown recently
by analysing carbon isotopes in tooth
enamel, from as early as three to four
million years ago, hominins were evolving
in wooded grassland (Sponheimer et
al. 2013), and they followed rivers and
coastlines or settled near lakes. Thus
humans will have evolved to obtain
psychological rewards from approaching
habitats
(Frumkin 2001). So contemplating green

these ideal hunter-gatherer
space certainly makes us happy and
relaxed. In the later part of this article, |
will discuss if this is why it also make us
healthier and prolongs our lives.

The other suggested benefits (sunlight,
social interaction, exercise) are neither
specific nor exclusive to green space.
Sunlightisthoughttocounteract Seasonal
Affective Disorder (SAD) (Rosenthal et al.
1984), and access to green space might
promote social interactions and a sense
of community (Kuo et al. 1998). Green
spaces sometimes encourage physical
activity (Maas et al. 2008), though city-
dwellers can walk to most resources and
tend to do so, whereas individuals living
in rural suburbs are often forced to use
their cars to get anywhere, so exercise
can paradoxically decrease (Oakes,
Forsyth, and Schmitz 2007). In fact,
recent analyses of the large studies in
the United Kingdom and the Netherlands
indicate that although exerciseis certainly
beneficial, it is not the explanation for the

Compare the responses to a walk in a green space vs. city street

Portable electroencephalogram
Cardiovascular parameters

Psychological tests, Salivary cortisol

Differences are found, but would any relaxing scenario (a cool beer in a quiet city

café for example) have the same effect as the green space?

Are these rapid effects relevant to the proven long-term health benefits, over

many years, of living close to green space?

1. Many publications compare rapid psychological responses to a walk in a city street with responses to a walk in a green
space. But without controls, the findings are difficult to interpret. The key questions are shown at the bottom of the figure.

health benefits of green space (Maas et
al. 2008; Lachowycz and Jones 2014).
Current available data has not even been
able to determine whether exercise taken
in a green space is more beneficial than
exercise taken in a city gym (Thompson-
Coon et al. 2011). Another possibility is
that proximity to green spaces correlates
with less exposure to traffic pollution, but
a recent study has found that reduced
pollution only explains a small part of the
observed benefits (Dadvand et al. 2015).

Summarising the previous paragraphs,
we know that living close to the natural
environment has long-term health
benefits (Maas et al. 2006; Mitchell and
Popham 2008; Wheeler et al. 2012).
These benefits might be an additive
consequence of several effects, including
an evolved psychological need, plus
perhaps sunlight,
interactions, and reduced

levels, but there are no conclusive
data (Rook 2013). This issue is crucial
because urban planners need to know

exercise, social

pollution

the mechanisms of the beneficial effects
of urban green space so that the health
advantages derived from green spaces
can be optimised.

The Health Problems of Modern
Urban Life

So what are the health problems that
arise in high-income urban communities
that might be alleviated by access to
green spaces? Urban
are undergoing large increases in the
prevalence of inflammatory
disorders such as allergies, autoimmune
diseases, and inflammatory bowel
diseases (Bach 2002). All of these are at
least partly disorders of the mechanisms

communities

chronic

that stop theimmune system from causing
unnecessary inflammation. In allergic
disorders, the immune system attacks
harmless allergens in the environment
or food. In autoimmune disorders, such
as Type 1 diabetes and multiple sclerosis,
the immune system attacks one’s own
organs, and in inflammatory bowel
diseases, it attacks the gut contents.

In high-income urban communities,
there is also an increase in diseases
associated with long-term background
inflammation occurring in the absence of
detectable medical cause. This is easily
monitored by measuring blood levels
of biomarkers of inflammation such as
protein (CRP).
background inflammation is associated
with cardiovascular disease, metabolic
syndrome, insulin resistance, obesity
(Goldberg 2009; Shoelson, Herrero,
and Naaz 2007), low stress-resilience,

C-reactive Persistent

depression (Valkanova, Ebmeier, and
Allan 2013; Rook, Raison, and Lowry
2014; Gimeno et al. 2009; Khandaker
et al. 2014), and post-traumatic stress
disorder (Eraly et al. 2014). Finally, some
cancers that are increasing in high-
income settings are also associated
with poorly controlled inflammation (for
example, colorectal, breast, prostate,
classical Hodgkin’s lymphoma, and acute
lymphatic leukaemia of childhood) (Rook
and Dalgleish 2011; Von Hertzen, Joensuu,
and Haahtela 2011).

https://www.cuge.com.sg/research/CITYGREEN
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We’ve seen that in high-income urban
communities, the immune system makes
two types of mistakes. First, it attacks
things like our own tissues that it should
not attack, and second, it fails to turn off
background inflammation when it is not
needed. This is a concern as inflammation
is metabolically costly and, in the long
term, dangerous.

Why Are Urban Immune Systems
Prone to Overactivity?

Why is the modern urban immune system
functioning incorrectly? At birth, the
immune system is like a computer that
has hardware (structural components)
and software (genetic programmes), but
almost no data (See Fig. 2). In order to
functioncorrectly,theimmune system must
acquire these data, preferably during the
early years of life. The sources of the data
are the various classes of microorganisms
with which humans co-evolved. So what
are these microorganisms, and why are
they now absent or depleted such that our
immune systems do not have all the data
they need?

Our Symbiotic Microbial Partners

We tend to think of humans as individuals.
In fact, humans, like all vertebrates, are
ecosystems. We are hosts to a huge and
diverse community of microorganisms
(the microbiota), particularly in the gut.
Only about 10 percent of our cells are
human, and less than 1 percent of the
genes that influence our development,
physiology, and health are situated in
the human genome inside our human
cells. Most of “our” genetic material is
located in the organisms that constitute
our microbiota. This microbiota, notably
the gut microbiota,
development of most, or perhaps all, of
our organ systems (McFall-Ngai et al.
2013; Gilbert, Sapp, and Tauber 2012). For
example, in germ-free animals artificially
created by caesarean section in sterile
laboratories, the brain fails to develop

influences the

normally, and human experiments
have shown that the gut microbiota
influences aspects of cognition involved
in emotion and sensation (Tillisch et
al. 2013). Similarly, we now know that
there is a critical period during infancy
when the composition of the microbiota
determines the long-term function of
the immune system and the balance of
metabolic pathways. If the microbiota is
defective at this critical time (for example,
due to heavy antibiotic consumption),
the animal grows up with a tendency to
inflammation and obesity—which are
crucial correlates of malfunction of these

two systems (Cox et al. 2014).

Loss of Biodiversity:
Consequences for Human Health

It is not only in childhood that the
composition of the
important. Gut microbiota of abnormal
composition, or of limited diversity, is
characteristic of conditions associated
with human inflammation (Turnbaugh
et al. 2009; Rehman et al. 2010) and
often associated with poor control of

microbiota s

inflammation in experimental animals

(Hildebrand et al. 2013). Similarly,
diminished microbiota biodiversity
in institutionalised elderly people

correlates with raised levels of markers of
inflammation in the blood and declining
health (Claesson et al. 2012). So the
microbiota is essential not only for the
development of our organs, but also for
their continuing healthy function.

Where Do Our Microbiota Come
from, and What Goes Wrong in
Cities?

Humans and other mammals initially
obtain many of the microorganisms
that constitute their microbiota from
their mothers’ faecal and vaginal
during delivery, and via
breast milk, which is not sterile (Jost et
al. 2013), and from family members. In

fact, breast milk contains “prebiotics”.

microbiota

These are polysaccharides that cannot
be metabolised by the baby, but are
present in the breast milk to nourish and
encourage certain types of bacteria in
the infant gut (Garrido, Barile, and Mills
2012). Interestingly, the prevalence of
allergic eczema is reduced in babies
whose mothers suck the pacifier (dummy)
clean after it has fallen on the floor then
place it in the baby’s mouth, compared
to the incidence in those whose mothers
provide them with a new sterile one
(Hesselmar et al. 2013). Many modern
behavioural practices tend to limit this
crucial transfer of microbiota from the
mother to the baby. Caesarean delivery,
lack of breast-feeding, antibiotics (Rook,
Raison, and Lowry 2014), and increasing
uniformity of diet (Khoury et al. 2014) all
aggravate the problem.

However, the mother is not the only
source of microbiota. Many, or probably
all, animal species including humans
obtain components of their microbiota
from soil and the natural environment
(Troyer 1984; Mulder et al. 2011). It is very
probable that geophagy (or the eating of
earth) by babies and infants is an evolved
strategy for the uptake of soil organisms.
This is manifested as the “oral” phase
of development, when all babies put
whatever they can reach into their
mouths. The quantities of soil and faecal
matter that can be ingested by human
babies with access to these materials
(for example, in an African village) are
astonishing (Ngure et al. 2013).

Health Benefits of Exposure to
Farms and Farmland
Soil is not the only non-maternal
source. Evidence that humans acquire
important microbial biodiversity from the
environment comes from studies of the
effects of contact with farms, animals,
and green spaces. Exposure of the
pregnant mother or infant to the farming
environment protects the child against

Regulatory Mechanism of Immune System

Development and expansion of immune system

Mechanisms of attack
The “army” (which is dangerous)

Immune system at birth
*has “hardware” <¢has “software” e¢needs data

Exposure to the
microbial “Old
Friends” with which
humans co-evolved
provides data

Mechanisms of regulation

Q)

The “military police”

Attack mechanisms (and consequences) that must be suppressed

Do not attack:
- self

(autoimmune diseases like multiple sclerosis)
- harmless molecules in air or food
(allergic disorders, hayfever, etc.)

- gut contents, microbiota
(inflammatory bowel disease)

Turn off:

- Background inflammation when it is not needed
(depression, cardiovascular disease, etc.)

2. The immune system is like the brain. It needs to learn. The data that it requires to function correctly come mostly from exposure to microorganisms.
This data input trains regulatory mechanisms that stop inappropriate activity of the immune system. If not regulated by these mechanisms, the immune

system is dangerous.

allergic disorders and juvenile forms of
inflammatory bowel disease (Riedler et al.
2001; Radon et al. 2007). This protection
appears to be attributable to airborne
microbial biodiversity that can be assayed
in children’s bedrooms (Ege et al. 2011).
Similarly, mere proximity to agricultural
land rather than urban agglomerations
increased the biodiversity of skin
microbiota, reduced atopic (or allergic)
sensitisation, and increased the release
of IL-10, an anti-inflammatory mediator,
by blood cells (Hanski et al. 2012).

Health Benefits of Exposure to
Animals in the Environment

Some of the relevant microbiota come
Contact with cows
and pigs protects against allergic
disorders (Riedler et al. 2001; Sozanska
et al. 2013). Contact with dogs, with
which humans have co-evolved for

from animals.

many millennia (Axelsson et al. 2013;
Thalmann et al. 2013), also protects from
allergic disorders (Ownby, Johnson,
and Peterson 2002; Aichbhaumik et al.

2008),and people share their microbiota
via dogs (Song et al. 2013), which greatly
increase the microbial biodiversity of
the home (Fujimura et al. 2010; Dunn et
al. 2013). In a developing country, the
presence of animal faeces in the home
correlated with better ability to control
background inflammation in adulthood
(McDade et al. 2012). In Russian Karelia,
where the prevalence of childhood
atopy is four times lower, and that of
type 1 diabetes is six times lower, than
in Finnish Karelia, house dust contained
a seven-fold higher number of clones
of animal-associated species than was
present in Finnish Karelian house dust
(Pakarinen et al. 2008).

Gut Microbiota in the Green
Environment

Another fascinating issue is the role of
spore-forming bacteria that are usually
considered to be soil organisms, but
which can germinate and replicate in
the human gut (Hong et al. 2009; Rook,
Raison, and Lowry 2014). About one-third

of the species that constitute the human
gut microbiota are spore-forming.
Spores are astonishingly resistant and
can persist in the environment for tens of
thousands of years. So wherever humans
(or other vertebrates) have been in the
past, gut-adapted microbial strains have
been seeded into the environment via
faeces and are waiting there as spores,
ready to be picked up by newly arriving
humans and soil-eating babies! We do not
currently know how much of the human
microbiota is derived from the microbial
environment, though work on this point
is in progress, and the overlaps between
gut and soil or plant root microbiota have
been discussed (Ramérez-Puebla et al.
2013). Germ-free mice readily develop
a functioning gut microbiota following
exposure to microbial communities from
soil (Seedorf et al. 2014).

The Green Versus the Built Urban
Environment

Compared to the green environment,
the microbiota of the modern built
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urban environment is not only different
in composition, but also of reduced
biodiversity (Kembel et al. 2012;
Ehrenberg 2015). So we need exposure
to the green spaces in which we evolved.
As one might expect, the gut microbiota
of American citizens is different from
that of Amerindian hunter-gatherers
living in a green environment and
strikingly less biodiverse (Yatsunenko et
al. 2012). As outlined in the introduction,
exposure to green spaces
overall mortality, cardiovascular
disease, and depressive symptoms. It

reduces

also increases subjective feelings of
well-being (Maas et al. 2006; Mitchell
and Popham 2008; Dadvand et al.
2012; Aspinall et al. 2013) and cognitive
development in children (Dadvand et al.
2015). Similarly, exposure to agricultural
environments protects us from some
forms of inflammatory bowel disease
and allergies (Riedler et al. 2001; Radon
et al. 2007; Hanski et al. 2012). In the
latter cases, the mechanism has been
studied, and there are clear indications
that the effect operates via the immune
system (Schaub et al. 2009; Hanski et
al. 2012) and these protective effects
are readily reproduced in experimental
animals. Unfortunately, there has been
no investigation of the mechanism of
the earlier green space epidemiological
studies. But since we know that all
of these conditions can be caused or
aggravated by the poor regulation of the
immune system, chronic inflammation,
or inappropriate microbiota, it now
looks very likely that an important
function of green space (and of the
soil and animals within it) is to provide
exposure to microbial biodiversity
that supplements the microbiota and
provides data to the immune system.
The farm effect and the green space
effect are likely to be the same.

Some particularly relevant experiments

have been performed with piglets,

showing that when maintained with
the sow in a field, they developed gut
microbiota that was very different from
that of piglets maintained with the sow
on the same diet, but in a clean indoor
environment. But even more important,
biopsies of the gut epithelium of the
indoor piglets
activity of genes that drive inflammation
(Mulder et al. 2009). Moreover, these
indoor piglets, deprived of exposure to

revealed increased

the natural environment, had reduced
numbers of the cells that constitute the
“police force” of the immune system
(regulatory T cells), with the crucial role
of stopping inappropriate inflammation
(Lewisetal.2012). Moreover, tostrengthen
still further the parallel with the life of
high-income modern urban babies, the
indoor piglets mounted an inappropriate
immune response following introduction
of anovel food (soya milk). In other words,
the indoor piglets were developing food
allergy. This represents an elegant model
of the way that human babies are reared
in high-income settings, with minimal
contact with environmental biodiversity,
and parallels the rising incidence of food
allergies and other immunoregulatory
abnormalities in such babies.

Horizontal Gene Transfer

In addition to the exchange of whole
organisms with animals and the natural
environment, we need to
horizontal gene (Smillie et
al. 2011). This is common between
bacteria, and recent work has revealed

consider
transfer

the existence of a global network of

horizontal gene transfers between
members of the human microbiota, even
between phylogenetically very divergent
bacteria separated by billions of years of
evolution. Horizontal gene transfer also
plays essential beneficial roles because
it further increases the flexibility of
human physiology. The genomes of our
own human chromosomes are fixed, but

the genomes of our symbiotic microbial

partners are not, so we have a mechanism
for adapting to new environments and
diets.
Japanese

Consumption of seaweed by
people

transfer to their
environmental microbes of genes that
enable the catabolism of novel seaweed-
associated carbohydrates (Hehemann et
al. 2012). Thus the adaptability of humans
depends upon appropriate contact with
potential sources of genetic innovation
and diversity, and might therefore be

induces horizontal

microbiota from

threatened by loss of biodiversity in the
genereservoir of environmental microbes.

Quantities of Microorganisms in
the Air We Breathe

Does exposure to the green environment
result in an uptake of physiologically
relevant quantities of organisms? The
answer is a definite yes. Particulate
matter in the air, such as pollen and plant
fragments, carries a load of bacteria
(Heydenreich et al. 2012). Many airborne
particles are more than five-millimetres-
large and will therefore be depositedinthe
upper airways, together with organisms
that come mostly from soil and plants.
They can have local pharmacological
or immunological effects in the airways
(Moore 2015), but after being carried up
the trachea by the action of cilia, they
will then be swallowed and can also exert
additional effects via the gut.

When total numbers of organisms in
air were counted, levels of 105 per
cubic metre or more were regularly
encountered over a grassy field on clear
sunny days, and estimates approaching
106 per cubic metre have been reported
above shrubs and some grasslands
(Burrows et al. 2009). The air in facilities
housing agricultural animals can contain
still higher numbers, reaching 107 to
108 microorganisms per cubic metre
(Nehme et al. 2009). Clearly the volume
of air breathed by a human depends on
the degree of exertion. The average is

Mechanisms of Green Space Health Benefits

Biological

Need for diverse microbial
input to immune system

Walk in green space

Psychological

Psychological need
(habitat selection)

Increase microbial load
& biodiversity in home

Dogs Psychologically rewarding
companion

Microbial biodiversity

Farming environment

Less stressful lifestyle

Exchange of microbiota

Social interaction

Build social capital

Vitamin D improves regulation Sunlight Combat Seasonal Affective Disorder
of immune system
More immunoregulation Exercise Health benefits, weight loss

3. Why is green space good for our health? In addition to the probable psychological mechanisms, green space provides microbial biodiversity to the
symbiotic microbiota and inputs of data that improve regulation of the immune system, as described in Fig. 2. Moreover, other factors associated with

exposure to green space such as exercise and sunlight also increase the efficiency of immunoregulation

about 11 cubic metres per day, but at
maximum exertion, this volume could be
as high as 90 cubic metres per day. So a
crude calculation suggests that humans,
depending on how and where they are
living, can breathe in anything from
about 106 to almost 1010 environmental
organisms in 24 hours, many of which are
associated with larger particles that will
lodge in the mucus of the airways. This
is more than enough for pharmacological
and immunological effects (Moore 2015).
Values at the higher end of the range will
have been the norm during our hunter-
gatherer evolution.

Conclusion

In conclusion, exposure to green spaces
and the natural environment has short-
term psychological effects and long-
term health benefits, including an overall
reduction in mortality and a reduction
in inflammation-associated disorders.
The mechanism of the long-term effects
has really only been investigated in the
context of exposure to farms or living

close to agricultural land. These studies
have shown that the long-term effect is
mediated in part via the immune system,
in partnership with the microbiota (Rook
2013). The immune system requires
exposure to microbial biodiversity
in order to function correctly. These
effects are no doubt supplemented by
other factors, such as relaxation, sun,

and exercise.

The wonderful parks of Singapore must
be beneficial, but if we understood
more about the precise composition of
the microbial biodiversity that we need,
perhaps the benefits of these parks could
be increased still further. Many effects
of green space that are usually assumed
to be psychologically mediated are
just as easily explained by mechanisms
operating via the immune system (See
Fig. 3). The better we understand these
interactions, the better we will be able
to modify the urban environment for the
benefit of human health. @

References

Aichbhaumik, N., E.M. Zoratti, R. Strickler,
G. Wegienka, D.R. Ownby, S. Havstad, and
C.C. Johnson. 2008. "Prenatal exposure

to household pets influences fetal
immunoglobulin E production.” Clinical and
Experimental Allergy 38:1787-1794.

Aspinall, Peter, Panagiotis Mavros, Richard
Coyne, and Jennifer Roe. 2013. "The urban
brain: analysing outdoor physical activity
with mobile EEG." British Journal of Sports
Medicine. doi: 10.1136/bjsports-2012-091877.

Axelsson, Erik, Abhirami Ratnakumar,
Maja-Louise Arendt, Khurram Magbool,
Matthew T. Webster, Michele Perloski, Olof
Liberg, Jon M. Arnemo, Ake Hedhammar, and
Kerstin Lindblad-Toh. 2013. "The genomic
signature of dog domestication reveals
adaptation to a starch-rich diet." Nature 495:
360-364.

Bach, Jean-Francois. 2002. "The effect of
infections on susceptibility to autoimmune
and allergic diseases." The New England
Journal of Medicine 347: 911-920.




06

REPORTS

Our Health and Environmental Microbial Biodiversity: The Health Benefits of Green Space —Psychology or Biology?

o7

Berman, Marc G., John Jonides, and Stephen
Kaplan. 2008. "The cognitive benefits of
interacting with nature." Psychological
Science 19:1207-1212.

Burrows, S.M., W. Elbert, M.G. Lawrence,
and U. Poeschl. 2009. "Bacteria in the global
atmosphere—part 1: review and synthesis

of literature data for different ecosystems.”
Atmospheric Chemistry and Physics 9:
9263-9280.

Claesson, Marcus J., lan B. Jeffery, Susana
Conde, Susan E. Power, Eibhlis M. O'Connor,
Siobhan Cusack, Hugh M.B. Harris, Mairead
Coakley, Bhuvaneswari Lakshminarayanan,
Oria O'Sullivan, Gerald F. Fitzgerald, Jennifer
Deane, Michael O'Connor, Norma Harnedy,
Kieran O'Connor, Denis O'Mahony, Douwe van
Sinderen, Martina Wallace, Lorraine Brennan,
Catherine Stanton, Julian R. Marchesi,
Anthony P. Fitzgerald, Fergus Shanahan,
Colin Hill, R. Paul Ross, and Paul W. O'Toole.
2012. "Gut microbiota composition correlates
with diet and health in the elderly.” Nature
488:178-184.

Cox, Laura M., Shingo Yamanishi, Jiho Sohn,
Alexander V. Alekseyenko, Jacqueline M.
Leung, llseung Cho, Sungheon G. Kim, Huilin
Li, Zhan Gao, Douglas Mahana, Jorge G.
Zarate Rodriguez, Arlin B. Rogers, Nicolas
Robine, P'ng Loke, and Martin J. Blaser. 2014.
"Altering the Intestinal Microbiota during a
Critical Developmental Window Has Lasting
Metabolic Consequences.” Cel/ 158: 705-721.

Dadvand, Payam, Audrey de Nazelle, Francesc
Figueras, Xavier Basagana, Jason Su, Elmira
Amoly, Michael Jerrett, Martine Vrijheid,

Jordi Sunyer, and Mark J. Nieuwenhuijsen.
2012. "Green space, health inequality and
pregnancy." Environment International 40:
110-115.

Dadvand, Payam, loar Rivas, Xavier Basagafa,
Mar Alvarez-Pedrerol, Jason Su, Montserrat
De Castro Pascual, Fulvio Amato, Michael
Jerret, Xavier Querol, Bénédicte Jacquemin,
and Mark J. Nieuwenhuijsen. 2015. "The
association between greenness and traffic-
related air pollution at schools.” Science of
the Total Environment 523: 59-63.

De Vries, Sjerp, Robert A. Verheij, Peter
Groenewegen, and Peter Spreeuwenberg.
2003. "Natural environments-healthy
environments? An exploratory analysis of the
relationship between greenspace and health.”
Environment and Planning A 35:1717-1731.

Dunn, Robert R., Noah Fierer, Jessica

B. Henley, Jonathan W. Leff, and Holly

L. Menninger. 2013. "Home life: factors
structuring the bacterial diversity found within
and between homes." PLoS One 8:e64133.
doi:10.1371/journal.pone.0064133.

Ege, Marcus J., Melanie Mayer, Anne-Cécile
Normand, Jon Genuneit, William O.C.M.
Cookson, Charlotte Braun-Fahrlander, Dick
Heederik, Renaud Piarroux, and Erika von
Mutius. 2011. "Exposure to environmental
microorganisms and childhood asthma.”
The New England Journal of Medicine 364:
701-709.

Ehrenberg, Rachel. 2015. "Urban microbes
come out of the shadows." Nature 522:
399-400.

Eraly, Satish A., Caroline M. Nievergelt,
Adam X. Maihofer, Donald A. Barkauskas,
Nilima Biswas, Agorastos Agorastos, Daniel
T. O'Connor, and Dewleen G. Baker. 2014.
"Assessment of plasma C-reactive protein as
a biomarker of posttraumatic stress disorder
risk." JAMA Psychiatry 71: 423-431.

Frumkin, Howard. 2001. "Beyond toxicity:
human health and the natural environment.”
American Journal of Preventive Medicine 20:
234-240.

Fujimura, Kei E., Christine C. Johnson, Dennis
R. Ownby, Michael J. Cox, Eoin L. Brodie,
Suzanne L. Havstad, Edward M. Zoratti,
Kimberley J. Woodcroft, Kevin R. Bobbitt,
Ganesa Wegienka, Homer A. Boushey, and
Susan V. Lynch. 2010. "Man's best friend?
The effect of pet ownership on house dust
microbial communities." The Jornal of Allergy
and Clinical Immunology 126: 410-412.

Garrido, Daniel, Daniela Barile, and David

A. Mills. 2012. "A molecular basis for
bifidobacterial enrichment in the infant
gastrointestinal tract.” Advances in Nutrition
3:4155-421S.

Gilbert, Scott F., Jan Sapp, and Alfred I.
Tauber. 2012. "A symbiotic view of life: we
have never been individuals." Quarterly
Review of Biology 87: 325-341.

Gimeno, David, Mika Kivimaki, Eric J. Brunner,
Marko Elovainio, Roberto De Vogli, Andrew
Steptoe, Meena Kumari, Gordon D.O. Lowe,
Ann Rumley, Michael G. Marmot, and Jane

E. Ferrie. 2009. "Associations of C-reactive
protein and interleukin-6 with cognitive
symptoms of depression: 12-year follow-up of
the Whitehall Il study.” Psychological Medicine
39: 413-423.

Goldberg, Ronald B. 2009. "Cytokine

and cytokine-like inflammation markers,
endothelial dysfunction, and imbalanced
coagulation in development of diabetes and
its complications.” The Journal of Clinical
Endocrinology and Metabolism 94: 3171-3182.

Hanski, Ilkka, Leena von Hertzen, Nanna
Fyhrquist, Kaisa Koskinen, Kaisa Torppa, Tiina
Laatikainen, Piia Karisola, Petri Auvinen, Lars
Paulin, Mika J. Makeld, Erkki Vartiainen, Timo
U. Kosunen, Harri Alenius, and Tari Haahtela.
2012. "Environmental biodiversity, human
microbiota, and allergy are interrelated.”
Proceedings of the National Academy of
Sciences of the United States of America 109:
8334-8339.

Hehemann, Jan-Hendrik, Amelia G. Kelly,
Nicholas A. Pudlo, Eric C. Martens, and
Alisdair B. Boraston. 2012. "Bacteria of

the human gut microbiome catabolize red
seaweed glycans with carbohydrate-active
enzyme updates from extrinsic microbes.”
Proceedings of the National Academy of
Sciences of the United States of America 109:
19786-19791.

Hesselmar, Bill, Fei Sjoberg, Robert Saalman,
Nils Aberg, Ingegerd Adlerberth, and Agnes
E. Wold. 2013. "Pacifier Cleaning Practices and
Risk of Allergy Development.” Pediatrics 131:
e1829-e1837.

Heydenreich, B., |. Bellinghausen, B. Koénig,
Wolf-Meinhard Becker, Stephan Grabbe, Arnd
Petersen, and J. Saloga. 2012. "Gram-positive
bacteria on grass pollen exhibit adjuvant
activity inducing inflammatory T cell
responses.” Clinical and Experimental Allergy
42:76-84.

Hildebrand, Falk, Thi Loan Anh Nguyen,
Brigitta Brinkman, Roberto Garcia Yunta,
Benedicte Cauwe, Peter Vandenabeele,
Adrian Liston, and Jeroen Raes. 2013.
"Inflammation-associated enterotypes, host
genotype, cage and inter-individual effects
drive gut microbiota variation in common
laboratory mice.” Genome Biology 14: R4.
doi10.1186/gb-2013-14-1-r4.

Hong, Huynh A., Reena Khaneja, Nguyen
M.K. Tam, Alessia Cazzato, Sisareuth

Tan, Maria Urdaci, Alain Brisson, Antonio
Gasbarrini, lan Barnes, and Simon M. Cutting.
2009. "Bacillus subtilis isolated from the
human gastrointestinal tract.” Research in
Microbiology 160:134-143.

Jost, Ted, Christophe Lacroix, Christian P.
Braegger, Florence Rochat, and Christophe
Chassard. 2013. "Vertical mother-neonate
transfer of maternal gut bacteria via
breastfeeding.” Environmental Microbiology.
doi: 10.1111/1462-2920.12238.

Kembel, Steven W., Evan Jones, Jeff Kline,
Dale Northcutt, Jason Stenson, Ann M.

Womack, Brendan J.M. Bohannan, G.Z. Brown,

and Jessica L. Green. 2012. "Architectural
design influences the diversity and structure
of the built environment microbiome.” The
ISME Journal 6:1469-1479.

Khandaker, Golam M., Rebecca M. Pearson,
Stanley Zammit, Glyn Lewis, and Peter Jones.
2014. "Association of Serum Interleukin 6

and C-Reactive Protein in Childhood With
Depression and Psychosis in Young Adult
Life: A Population-Based Longitudinal Study.”
JAMA Psychiatry 71: 1121-1128.

Khoury, Colin K., Anne D. Bjorkman, Hannes
Dempewolf, Julian Ramirez-Villegas, Luigi
Guarino, Andy Jarvis, Loren H. Rieseberg, and
PaulC. Struik. 2014. "Increasing homogeneity
in global food supplies and the implications
for food security." Proceedings of the National
Academy of Sciences of the United States of
America 111: 4001-4006.

Kuo, Frances E., William C. Sullivan, Rebekah
L. Coley, and Lisette Brunson. 1998.

"Fertile ground for community: inner city
neighbourhood common spaces.” American
Journal of Community Psychology 26:
823-851.

Lachowycz, Kate, and Andy Peter Jones. 2014.
"Does walking explain associations between
access to greenspace and lower mortality?"
Social Science and Medicine 107: 9-17.

Lewis, Marie C., Charlotte F. Inman, Dilip
Patel, Bettina Schmidt, Imke Mulder, Bevia
Miller, Bhupinder P. Gill, John Pluske, Denise
Kelly, Christopher R. Stokes, and Michael
Bailey. 2012. "Direct experimental evidence
that early-life farm environment influences
regulation of immune responses.” Pediatriac
Allergy and Immunology 23: 265-269.

Maas, Jolanda, Robert A. Verheij, Peter
Spreeuwenberg, and Peter P. Groenewegen.
2008. "Physical activity as a possible
mechanism behind the relationship between
green space and health: a multilevel analysis.
BMC Public Health 8: 206.

"

Maas, Jolanda, Robert A. Verheij, Peter P.
Groenewegen, Sjerp de Vries, and Peter
Spreeuwenberg. 2006. "Green space,
urbanity, and health: how strong is the
relation?" Journal of Epidemiology and
Community Health 60: 587-592.

Maas, Jolanda, Robert A. Verheij, Sjerp

de Vries, Peter Spreeuwenberg, Francois
G. Schellevis, and Peter P. Groenewegen.
2009. "Morbidity is related to a green living
environment.” Journal of Epidemiology and
Community Health 63: 967-973.

McDade, Thomas W., Paula S. Tallman, Felicia
C. Madimenos, Melissa A. Liebert, Tara J.
Cepon, Lawrence S. Sugiyama, and James
Josh Snodgrass. 2012. "Analysis of variability
of high sensitivity C-reactive protein in
lowland ecuador reveals no evidence of
chronic low-grade inflammation.” American
Journal of Human Biology 24: 675-681.

McFall-Ngai, Margaret, Michael G. Hadfield,
Thomas C.G. Bosch, Hannah V. Carey,
Tomislav Domazet-LoS$o, Angela E. Douglas,
Nicole Dubilier, Gerard Eberl, Tadashi Fukami,
Scott F. Gilbert, Ute Hentschel, Nicole King,
Staffan Kjelleberg, Andrew H. Knoll, Natacha
Kremer, Sarkis K. Mazmanian, Jessica L.
Metcalf, Kenneth Nealson, Naomi E. Pierce,
John F. Rawls, Ann Reid, Edward G. Ruby,
Mary Rumpho, Jon G. Sanders, Diethard
Tautz, and Jennifer J. Wernegreen. 2013.
"Animals in a bacterial world, a new imperative
for the life sciences.” Proceedings of the
National Academy of Sciences of the United
States of America 110: 3229-3236.

Mitchell, Richard, and Frank Popham. 2008.
"Effect of exposure to natural environment
on health inequalities: an observational
population study.” Lancet 372:1655-1660.

Moore, Michael N. 2015. "Do airborne biogenic
chemicals interact with the PI3K/Akt/mTOR
cell signalling pathway to benefit human
health and wellbeing in rural and coastal
environments?" Environmental Research 140:
65-75.

Morris, Douglas W. 2011. "Adaptation and
habitat selection in the eco-evolutionary
process.” Proceedings. Biological Sciences/
The Royal Society 278: 2401-2411.

Mulder, Imke E., Bettina Schmidt, Christopher
R. Stokes, Marie Lewis, Mick Bailey, Rustam

. Aminov, James |. Prosser, Bhupinder P.

Gill, John R. Pluske, Claus-Dieter Mayer,
Corran C. Musk, and Denise Kelly. 2009.
"Environmentally-acquired bacteria influence
microbial diversity and natural innate immune
responses at gut surfaces.” BMC Biology 7: 79.

Mulder, Imke E., Bettina Schmidt, Marie Lewis,
Margaret Delday, Christopher R. Stokes,

Mick Bailey, Rustam |. Aminov, Bhupinder

P. Gill, John R. Pluske, Claus-Dieter Mayer,
and Denise Kelly. 2011. "Restricting microbial
exposure in early life negates the immune
benefits associated with gut colonization in
environments of high microbial diversity.”
PLOS One 6: e28279. doi: 10.1371/journal.
pone.0028279.




REPORTS

Our Health and Environmental Microbial Biodiversity: The Health Benefits of Green Space —Psychology or Biology?

59

Nehme, Benjamin, Yan Gilbert, Valérie
Létourneau, Robert J. Forster, Marc Veillette,
Richard Villemur, and Caroline Duchaine.
20009. "Culture-independent characterization
of archaeal biodiversity in swine confinement
building bioaerosols.” Applied and
Environmental Microbiology 75: 5445-5450.

Ngure, Francis M., Jean H. Humphrey,
Mduduzi N. Mbuya, Florence Majo, Kuda
Mutasa, Margaret Govha, Exevia Mazarura,
Bernard Chasekwa, Andrew J. Prendergast,
Valerie Curtis, Kathryn J. Boor, and Rebecca
J. Stoltzfus. 2013. "Formative research on
hygiene behaviors and geophagy among
infants and young children and implications
of exposure to fecal bacteria." The American
Journal of Tropical Medicine and Hygiene 89:
709-716.

Oakes, J. Michael, Ann Forsyth, and

Kathryn H. Schmitz. 2007. "The effects of
neighborhood density and street connectivity
on walking behavior: the Twin Cities walking
study.” Epidemiology Perspectives and
Innovations 4:16.

Ownby, Dennis R., Christine Cole Johnson,
and Edward L. Peterson. 2002. "Exposure
to dogs and cats in the first year of life and
risk of allergic sensitization at 6 to 7 years of
age." The Journal of the American Medcial
Association 288: 963-972.

Pakarinen, Jaakko, Anne Hyvarinen, Mirja
Salkinoja-Salonen, Sirpa Laitinen, Aino
Nevalainen, Mika J. Makela, Tari Haahtela, and
Leena von Hertzen. 2008. "Predominance

of Gram-positive bacteria in house dust

in the low-allergy risk Russian Karelia."
Environmental Microbiology 10: 3317-3325.

Park, Bum Jin, Yuko Tsunetsugu, Tamami
Kasetani, Takahide Kagawa, and Yoshifumi
Miyazaki. 2010. "The physiological effects of
Shinrin-yoku (taking in the forest atmosphere
or forest bathing): evidence from field
experiments in 24 forests across Japan.”
Environmental Health and Preventive Medicine
15:18-26.

Radon, Katja, Doris Windstetter, Anna Laura
Poluda, Beatrice Mueller, Erika von Mutius, and
Sibylle Koletzko. 2007. "Contact with farm
animals in early life and juvenile inflammmatory
bowel disease: a case-control study.”
Pediatrics 120: 354-361.

Ramérez-Puebla, Shamayim. T., Luis E.

Servén-Garciduenas, Berenice Jiménez-Marin,

Luis M. Bolafios, Monica Rosenblueth, Julio
Marténez, Marco Antonio Rogel, Ernesto
Ormeno-Orrillo, and Esperanza Marténez-
Romero. 2013. "Gut and root microbiota
commonalities." Applied and Environmental
Microbiology 79: 2-9.

Rehman, Ateequr, Patricia Lepage, Andreas
Nolte, Stephan Hellmig, Stefan Schreiber, and
Stephan J. Ott. 2010. "Transcriptional activity
of the dominant gut mucosal microbiota in
chronic inflammatory bowel disease patients.
Journal of Medical Microbiology 59: 1114-1122.

"

Riedler, Josef, Charlotte Braun-Fahrlander,
Waltraud Eder, Mynda Schreuer, Marco
Waser, Soyoun Maisch, David Carr, Rudi
Schierl, Dennis Nowak, and Erika von Mutius.
2001. "Exposure to farming in early life and
development of asthma and allergy: a cross-
sectional survey."” Lancet 358: 1129-1133.

Rook, Graham A.W. 2013. "Regulation of the
immune system by biodiversity from the
natural environment: An ecosystem service
essential to health.” Proceedings of the
National Academy of Sciences of the United
States of America 110:18360-18367.

Rook, Graham A.W., and Angus Dalgleish.
2011. "Infection, immunoregulation and
cancer.” Immunological Reviews 240:141-159.

Rook, Graham A.W., Charles L. Raison, and
Christopher Alan Lowry. 2014. "Microbial
"Old Friends", immunoregulation and socio-
economic status.” Clinical and Experimental
Immunology 177:1-12.

Rosenthal, Norman E., David A. Sack, J.
Christian Gillin, Alfred J. Lewy, Frederick

K. Goodwin, Yolande Davenport, Peter S.
Mueller, David A. Newsome, and Thomas A.
Wehr. 1984. "Seasonal affective disorder. A
description of the syndrome and preliminary
findings with light therapy.” Archives of
General Psychiatry 41: 72-80.

Schaub, Bianca, Jing Liu, Sabine Hoéppler,
Isolde Schleich, Jochen Huehn, Sven Olek,
Georg Wieczorek, Sabina Illi, and Erika von
Mutius. 2009. "Maternal farm exposure
modulates neonatal immune mechanisms
through regulatory T cells."” Journal of Allergy
and Clinical Immunology 123: 774-782.

Seedorf, Henning, Nicholas W. Griffin, Vanessa
K. Ridaura, Alejandro Reyes, Jiye Cheng,
Federico E. Rey, Michelle I. Smith, Gabriel

M. Simon, Rudolf H. Scheffrahn, Dagmar
Woebken, Alfred M. Spormann, Willan van
Treuren, Luke K. Ursell, Megan Pirrung, Adam
Robbins-Pianka, Brandi L. Cantarel, Vincent
Lombard, Bernard Henrissat, Rob Knight, and
Jeffrey |. Gordon. 2014. "Bacteria from diverse
habitats colonize and compete in the mouse
gut.” Cel/159: 253-266.

Shoelson, Steven E., Laura Herrero, and Afia
Naaz. 2007. "Obesity, inflammation, and
insulin resistance.” Gastroenterology 132:
2169-2180.

Smillie, Chris S., Mark B. Smith, Jonathan
Friedman, Otto X. Cordero, Lawrence A.
David, and Eric J. AIm. 2011. "Ecology drives a
global network of gene exchange connecting
the human microbiome." Nature 480: 241-244.

Song, Se Jin, Christian Lauber, Elizabeth K.
Costello, Catherine A. Lozupone, Gregory
Humphrey, Donna Berg-Lyons, J. Gregory
Caporaso, Dan Knights, Jose C. Clemente,
Sara Nakielny, Jeffrey |. Gordon, Noah Fierer,
and Rob Knight. 2013. "Cohabiting family
members share microbiota with one another
and with their dogs.” eLife 2. e00458. doi:
10.7554/eLife.00458.

Sozanska, Barbara, Mateusz Btaszczyk, Neil
Pearce, and Paul Cullinan. 2013. "Atopy and
allergic respiratory disease in rural Poland
before and after accession to the European
Union." The Journal of Allergy and Clinical
Immunology 133:1347-1353.

Sponheimer, Matt, Zeresenay Alemseged,
Thuré E. Cerling, Frederick E. Grine, William H.
Kimbel, Meave G. Leakey, Julia A. Lee-Thorp,
Frederick Kyalo Manthi, Kaye E. Reed, Bernard
A. Wood, and Jonathan G. Wynn. 2013.
"Isotopic evidence of early hominin diets.”
Proceedings of the National Academy of
Sciences of the United States of America 110:
10513-10518.

Thalmann, Olaf, Beth Shapiro, P. Cui, Verena
J. Schuenemann, S.K. Sawyer, D.L. Greenfield,
Metje B. Germonpré, Mikhail V. Sablin,
Francesc Lopez-Girdldez, X. Domingo-Roura,
H. Napierala, Hans P. Uerpmann, Daniel M.
Loponte, A.A. Acosta, Liane Giemsch, R.W.
Schmitz, B. Worthington, Jane E. Buikstra, A.
Druzhkova, Alexander S. Graphodatsky, N.D.
Ovodov, Niklas Wahlberg, Adam H. Freedman,
R.M. Schweizer, Klaus P. Koepfli, Jennider

A. Leonard, M. Meyer, Johannes Krause, S.
Paabo, R.E. Green, and R.K. Wayne. 2013.
"Complete mitochondrial genomes of ancient
canids suggest a European origin of domestic
dogs." Science 342:871-874.

Thompson-Coon, Jo, Kate Boddy, Ken Stein,
Rebecca Whear, Jo Barton, and Mike H.
Depledge. 2011. "Does Participating in Physical
Activity in Outdoor Natural Environments
Have a Greater Effect on Physical and Mental
Wellbeing than Physical Activity Indoors? A
Systematic Review." Environmental Science
and Technology 45:1761-1772.

Tillisch, Kate, Jennifer Labus, Lisa Kilpatrick,
Zhiguo Jiang, Jean Stains, Bahar Ebrat,
Denis Guyonnet, Sophie Legrain-Raspaud,
Beatrice Trotin, Bruce Naliboff, and Emeran
A. Mayer. 2013. "Consumption of fermented
milk product with probiotic modulates brain
activity." Gastroenterology 144:1394-1401.

Troyer, Katherine. 1984. "Behavioral
acquisition of the hindgut fermentation
system by hatchling Iguana iguana.”
Behavioral Ecology and Sociobiology 14
189-193.

Tsunetsugu, Yuko, Bum-jin Park, and
Yoshifumi Miyazaki. 2010. "Trends in research
related to "Shinrin-yoku" (taking in the forest
atmosphere or forest bathing) in Japan.”
Environmental Health and Preventive Medicine
15: 27-37.

Turnbaugh, Peter J., Micah Hamady, Tanya
Yatsunenko, Brandi L. Cantarel, Alexis
Duncan, Ruth E. Ley, Mitchell L. Sogin, William
J. Jones, Bruce A. Roe, Jason P. Affourtit,
Michael Egholm, Bernard Henrissat, Andrew
C. Heath, Rob Knight, and Jeffrey |. Gordon.
2009. "A core gut microbiome in obese and
lean twins.” Nature 457: 480-484.

Valkanova, Vyara, Klaus P. Ebmeier, and
Charlotte L. Allan. 2013. "CRP, IL-6 and
depression: a systematic review and
meta-analysis of longitudinal studies.” Journal
of Affective Disorders 150: 736-744.

Von Hertzen, Leena C., H. Joensuu, and
T. Haahtela. 2011. "Microbial deprivation,
inflammation and cancer.” Cancer and
Metastasis Review 30: 211-223.

Wheeler, Benedict W., Matthew White, Will

Stahl-Timmins, and Michael H. Depledge. 2012.

"Does living by the coast improve health and
wellbeing?" Health Place 18:1198-1201.

Wheeler, Benedict. W., Rebecca Lovell,
Sahran L. Higgins, Matthew P. White, lan
Alcock, Nicholas J. Osborne, Kerryn Husk,
Clive E. Sabel, and Michael H. Depledge. 2015.
"Beyond greenspace: an ecological study

of population general health and indicators
of natural environment type and quality.”

International Journal of Health Geographics 14

17. doi:10.1186/512942-015-0009-5.

Yatsunenko, Tanya, Federico E. Rey, Mark J.
Manary, Indi Trehan, Maria Gloria Dominguez-
Bello, Monica Contreras, Magda Magris, Gilda
Hidalgo, Robert N. Baldassano, Andrey P.
Anokhin, Andrew C. Heath, Barbara Warner,
Jens Reeder, Justin Kuczynski, J. Gregory
Caporaso, Catherine A. Lozupone, Christian
Lauber, Jose C. Clemente, Dan Knights, Rob
Knight, and Jeffrey |. Gordon. 2012. "Human
gut microbiome viewed across age and
geography." Nature 486: 222-227.




