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A B S T R A C T

Skin, the largest human organ, is a complex and dynamic ecosystem inhabited by a multitude of

microorganisms. Host demographics and genetics, human behavior, local and regional environmental

characteristics, and transmission events may all potentially drive human skin microbiota variability,

resulting in an alteration of microbial community structure. This alteration may have important

consequences regarding health and disease outcomes among individuals. More specifically, certain

diversity patterns of human microbiota may be predictive or diagnostic of disease. The purpose of this

review is to briefly describe the skin microbiota, outline the potential determining factors driving its

variability, posit the likelihood of an association between the resulting microbial community structure

on the skin with disease outcomes among individuals, and finally, to present some challenges and

implications for studying the skin microbiota.
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1. Introduction

The skin is the largest human organ. As the skin is in direct
contact with the environment, it is inhabited by and constantly
exposed to microorganisms in the environment. The resident skin
microbiota interacts with other microbes, with human cells, and
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with the human immune system in multiple ways that mediate
risk of disease (Wilson, 2005, 2008). The purpose of this review is
to briefly describe the skin microbiota, outline the potential factors
driving its variability, posit the likelihood of an association
between the resulting microbial community structure on the skin
with disease outcomes among individuals, and finally, to present
some challenges and implications for studying the skin microbiota.

For many decades, researchers have been interested in defining
the microbial inhabitants of human skin, focusing on descriptive
features such as their association with infection (McBride et al.,
1977), their stability over time (Evans, 1975), and their interac-
tions with other microbes (Wright and Terry, 1981). Currently, our
understanding of the human microbiota is undergoing a dramatic
reassessment. The application of high-throughput DNA sequencing
to the collection of individual genomes of microorganisms which
normally inhabit the human body (the ‘microbiome’) (Peterson
et al., 2009) enables characterization of microbial communities in
addition to individual microbes. These new studies are using
analytic methods from community ecology to describe the
structure of the entire microbial community. Community ecology
seeks to understand what determines the presence, abundance,
and diversity of species in communities, focusing on the role of
interactions among multiple species. We are just beginning to use
ecological parameters to explore the effects of microbial commu-
nity structure on disease dynamics within a single host species.

Although there have been some initial reports characterizing
the skin microbiota (Dekio et al., 2005; Fierer et al., 2008; Gao et al.,
2007; Grice et al., 2008, 2009), most studies to date have focused
on the gastrointestinal microbiota. In this system, the role of
microbiota diversity in health and disease is unclear. For example,
greater fungal richness and diversity were observed in 31 patients
with Crohn’s disease as well as 26 patients with ulcerative colitis
compared to 47 controls (Ott et al., 2009). By contrast, among 3
patients with recurrent antibiotic-associated diarrhea due to
Clostridium difficile, bacterial diversity was lower in the fecal
microbiome compared to that found among 7 controls (Chang
et al., 2008). The sample size of these initial studies are small, and
the results do not give a clear picture of whether more or less
microbial diversity in the gut is advantageous to the human host.
Studies on other microbiota of clinical and general interest,
including the oral, urogenital, and skin microbiota (McGuire et al.,
2008), also do not show a consistent association between diversity
and health and disease. It is still too early to predict whether
certain microbial diversity patterns are good or bad, much less
whether they cause disease. What is clear is that these patterns are
highly complex and dynamic, and require ecological analytic
approaches to characterize the microbial communities.

Skin is particularly interesting to study with an ecological
approach because of the complexity of its ecosystem. It is
composed of an intricate system of cell layers, nerves and glands,
protecting the body against extreme environmental conditions,
harmful chemicals and pathogens. Keratinocytes, which form the
outermost layer of cells on the skin, release antibacterial
substances that help prevent infection. Skin also harbors a
plethora of different groups of microorganisms that make up
the human skin microbiota. Properly characterizing this micro-
biota has important clinical implications due to its interaction with
other microorganisms that may play a role in human disease.

Most studies of skin microbiome have concentrated on
characterizing the community structure of microbes inhabiting
healthy human hosts or in examining ‘‘how particular bacteria
become pathogenic’’ (Chiller et al., 2001; Cogen et al., 2007; Fierer
et al., 2008; Gao et al., 2007; Grice et al., 2008, 2009). Though
dermatological studies have long since shown associations
between a number of skin infections and microbes (Masenga
et al., 1990; McBride et al., 1977; Nakabayashi et al., 2000), most
have been done using culture-based approaches. Aside from some
studies comparing microbial composition between healthy adults
and patients with psoriatic lesions (Gao et al., 2008), atopic
dermatitis (Dekio et al., 2007), or acne (Bek-Thomsen et al., 2008),
there is a surprising lack of literature evaluating potential
associations of skin microbiota with health and disease, especially
non-dermatological, systemic disease, using molecular
approaches. In particular, the role of skin microbiota disturbance
on the risk of infectious disease transmission, have not been
explored.

Fig. 1 describes our conceptual framework for understanding
the interactions between skin microbiota, the human host and
environment, and the resulting impact on human health outcomes.
Significant and potentially harmful alterations of the skin
microbial community structure may occur as a result of several
factors, including (1) the transmission (dispersal) of non-resident
microorganisms into the microbiota, or the removal of dominant
microorganisms from the microbiota, both resulting from direct
human contact, (2) behavioral characteristics of the individual,
such as handwashing practices, (3) local and regional environ-
mental factors, such as the host skin condition and indoor settings,
respectively, (4) host genetics, (5) and, host demographic
characteristics. Behavioral and environmental characteristics, as
well as host genetics and demographics, however, also all have
their own direct effects on health outcomes, possibly by affecting
host immunity. All of the driving factors included in the conceptual
model interact to some degree, as noted by the two-directional
arrows (Fig. 1). For example, host demographics (e.g. gender) may
interact with behavioral characteristics (e.g. cosmetic use) to
influence the microbial community structure found on the hands.

It is generally accepted that host demographics and genetics,
human behavior, certain environmental characteristics, and
transmission events can all influence risk of disease. One question
that has not been addressed, however, is to what extent these
relationships are mediated through the microbial community
present on the human body, specifically, the skin. Disturbance of
skin microbiota, caused by the various driving factors listed in
Fig. 1, may influence the course of various disease states.

This review aims to summarize what is currently known about
the skin microbiota, the methodological issues regarding how we
have come to know it and what needs to be further explored (e.g.
temporal dynamics), followed by a summary of each of the
determining factors, shown in Fig. 1, to be driving human skin
microbiota variability.

2. Microbial community structure of human skin

2.1. Skin microbiota

Humans are usually born from an essentially sterile environ-
ment (Hrncir et al., 2008; Stecher and Hardt, 2008), but quickly
become colonized by microbes. Which microbes become estab-
lished is primarily driven by the mode of delivery, with vaginally-
delivered babies having a microbiota more similar to their
mother’s vaginal microbiota, and C-section babies having a
microbiota more similar to their mother’s skin microbiota
(Dominguez-Bello et al., 2010). Bacteria and other microorganisms
from the environment subsequently interact with the infant’s
epithelial cells leading to microbial colonization and co-existence.
Eventually, an increasingly complex ecosystem forms, comprised
of endogenous, or resident, and transient microorganisms (Tlas-
kalová-Hogenová et al., 2004). These include bacteria, viruses,
fungi and protozoa. Humans harbor more microbial cells in their
mucosal surfaces and skin than mammalian cells in the entire body
(Foxman et al., 2008). While many of them are beneficial,
commensal or neutral, some can still become pathogenic (Chiller



Fig. 1. Conceptual framework of the driving forces behind the relationship between microbial species diversity/community structure of the human microbiota and health

outcomes. Specific examples are shown as bullet points within each factor.

M. Rosenthal et al. / Infection, Genetics and Evolution 11 (2011) 839–848 841
et al., 2001). It remains to be demonstrated whether the potentially
pathogenic members of the microbiota are kept in check by other
resident microorganisms. Disruptions by antibiotics, handwashing
or lotions may alter the microbial community enabling overgrowth
by pathogenic members which then interact with the host causing
disease. Additionally, it has been argued that what is considered
solely a commensal or a pathogenic organism depends on the
profile of the human immune system rather than ‘‘the inherent
properties of the microbe’’ itself (Cogen et al., 2007).

The membership of the skin microbiota is quite diverse. A
survey of twenty distinct skin sites of ten healthy volunteers using
16S rRNA gene phylotyping, identified 19 phyla and 205 genera
(Grice et al., 2009). Using broad-range 16S rRNA genes, PCR-based
sequencing of randomly selected clones identified 8 phyla and 91
genera from the superficial volar forearms of six healthy subjects
(Gao et al., 2007). In this study, Actinobacteria, Firmicutes, and
Proteobacteria accounted for 94.6% of the clones. Using a
pyrosequencing-based method, palmar surfaces of the hands of
51 healthy young adult volunteers were surveyed, and shown to
harbor more than 25 phyla (Fierer et al., 2008). Of note, the same
three phyla accounted for 94% of the sequences in this study. A
more comprehensive ‘‘whole-body’’ survey, using a multiplexed
barcoded pyrosequencing approach, of 27 body sites (including up
to 18 different skin sites) among healthy adults, identified the
same three phyla to account for over 82% of the sequences (Costello
et al., 2009). According to a recent review of the cutaneous
microbiota, ‘‘Staphylococcus, Corynebacterium, Propionibacterium,
Micrococcus, Streptococcus, Brevibacterium, Acinetobacterium, and
Pseudomonas’’ were named as human skin bacterial residents
(Cogen et al., 2007). Many are now emerging as multidrug-
resistant pathogens, such as Staphylococcus aureus and Staphylo-

coccus epidermidis. (Marshall et al., 2008; Sommer et al., 2009).
Better characterization of the human skin microbiota as ‘‘an
antibiotic resistance reservoir’’ has tremendous clinical implica-
tions (Sommer et al., 2009).
Most viruses of eukaryotic organisms are not long-term
residents on the skin but some ‘‘can proliferate within the living
epidermis’’ (Kampf and Kramer, 2004). Only recently has the
identification of two commensal viral groups, anelloviruses and
GBV-C, alerted attention to the likelihood of a larger human virome
(Delwart, 2007). The degree to which other viruses, such as the
human papillomavirus and the Merkel cell polyomavirus are
endogenous to the skin microbiota, is yet to be fully determined
(Singh et al., 2009). Viruses (e.g. hepatitis C virus, rhinovirus,
adenovirus, and rotavirus) on the hands have been detected,
however, usually as a result of transient hand carriage due to
contamination or transmission events (Kampf and Kramer, 2004).
Currently, these viral communities are not considered part of the
human skin microbiota. The mycological and macroparasitic
microbiota of healthy human skin is poorly characterized in
comparison to its bacterial and viral counterparts, probably as a
result of their rarity and asymptomatic nature (Cogen et al., 2007).
Most fungal organisms belong to the genus Malassezia, formerly
known as the yeast Pityrosporum (Paulino et al., 2006). Mites, such
as Demodex folliculorum, are also ‘‘considered part of the normal’’
microbiota (Fredricks, 2001).

The presence of some microorganisms in the skin microbiota
may have an effect on the growth of potential pathogens that may
prompt various diseases, indicating the importance of interactions
among species (McBride et al., 1977; Selwyn, 1975). For example,
sealing certain skin abrasions with band-aids or other hermetic
barriers may promote an overgrowth of potentially pathogenic
anaerobes, causing a detrimental alteration of the microbiota. S.

aureus, once believed to be a ‘‘transient colonizer during abnormal
conditions’’, is now known to be a resident bacterium that
somehow turns pathogenic upon disturbance of the individual’s
skin microbiota (Fredricks, 2001; van Belkum et al., 2009). Our
growing knowledge of skin immunogenetics in the past few years
has improved our understanding of the interactions among
commensal and potentially pathogenic species (Bowcock and
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Woodson, 2004; Pivarcsi et al., 2005), however these relationships
are not fully understood in terms of microbial communities.

2.2. Methodological issues in skin microbiota studies

2.2.1. Dependence on sampling methods and laboratory techniques

A representation of the microbiota found on human skin is only
as accurate as the sampling methods used to harvest the
microorganisms. While swabbing is the most convenient and
innocuous of the three, it may not correctly estimate the true
microbial diversity across all the skin layers. In comparison, skin
scraping picks up more microorganisms per sampled area, but also
picks up more skin cells. Punch biopsying, on the other hand, is
thought to represent a more comprehensive microbiota since the
technique samples across dermal layers (Grice et al., 2008).
However, it is the most invasive and covers less surface area in
comparison to other methods. Grice and colleagues have compared
these sampling methods and concluded that all three yielded the
same predominant phylum (i.e. Proteobacteria), and shared over
97% of all bacterial sequences; moreover, all three methods
captured very similar bacterial community memberships and
structures, as estimated by the high abundance-based Jaccard and
Theta (u) similarity indices, respectively (Grice et al., 2008). In
terms of transmission, skin surface sampling of the hands, either by
inserting them in a plastic bag filled with buffer solution or by
swabbing them, may be the most informative since microbial
transmission by humans occurs mostly via direct contact with
other individuals and/or environmental surfaces. Estimates of
microbial community structure vary by body site sampled. More
exposed areas of the body may be composed of ‘‘higher proportions
of transient microorganisms’’, in comparison to lesser exposed
areas (Roth and James, 1988). Temperature, moisture level, and
amount of sebaceous glands found on the skin vary by body
location as well, and may affect where certain microorganisms are
found (Grice et al., 2009; Roth and James, 1988).

What is known about human microbiota diversity also depends
on the laboratory techniques (i.e. culture-dependent and culture-
independent) used to characterize them. The classic approach to
identify and quantify microorganisms from the environment has
been to culture and differentiate them based on physiological and
biochemical tests (Davies et al., 2001; Ogunseitan, 2005). However,
culture-dependent methods do not accurately reflect the true
bacterial community composition because of the selective
properties of the growth media used. Culture-dependent techni-
ques are costly and take time as a result of performing the
necessary laboratory tests. After several passages, the microorgan-
isms under study may even behave differently functionally and
physiologically. Additionally, some microorganisms will not grow
in the absence of others that could be required to provide optimal
oxygen, pH, and/or osmotic pressure (Kaeberlein et al., 2002).

Microbial cultivation in the laboratory poorly assess species
composition and function in environmental samples. It is generally
assumed that ‘‘less than 10% of existing microbial diversity in
[natural] ecosystems can be accounted for by cultivation’’ methods
(Ogunseitan, 2005). Dekio et al. (2005) took swab-scrubbed
forehead skin samples of five healthy volunteers and analyzed
their microbiota using a culture-dependent and a culture-
independent method, providing a direct comparison of the two
characterization methods. Analyses of 16S rRNA gene sequences
obtained from the culture-independent method yielded an
increased bacterial diversity compared with that derived from
the culture methods (Dekio et al., 2005). Culture techniques,
therefore, have major limitations in estimating species abundance
in natural ecosystems.

Culture-independent microbial DNA-based approaches escape
some of these limitations (Ogunseitan, 2005; Theron and Cloete,
2000). Some of these techniques, each having their own relative
strengths and limitations, include: 16S rDNA sequencing, PCR and
PCR-related techniques, nucleic acid hybridization techniques,
polymorphism-based procedures, signature lipid biomarkers,
protein profiles, and molecular microarray procedures. All bacteria
contain the 16S rRNA gene, which encodes the small subunit of the
RNA of the ribosome (i.e. the protein manufacturing machinery of
all living cells). It encompasses highly conserved sequence
domains interspersed with more variable regions. Identification
of bacteria commonly uses the 16S rDNA sequence: conserved
regions classify higher taxa, and variable regions differentiate
between species. Different variable regions (V1–V9) of the 16S
rRNA gene are targeted in different studies of the human skin
microbiome, such as the V2 variable region (Costello et al., 2009;
Dominguez-Bello et al., 2010; Fierer et al., 2008) and the V1–V3
region (Dekio et al., 2005, 2007). To date, there is no consensus of
optimal variable region(s) to target for taxonomic assignment
purposes at the genus level or below. Despite the fact that
commonly used primers targeting these regions match most of the
sequences in most databases, primer biases may still occur where
certain phylotypes are missed, thereby generating biased commu-
nity profiles (Hamady and Knight, 2009).

Though these robust techniques offer a much higher resolution
to the characterization of complex microbial communities, they
also possess several biases. Nucleic acid extraction and purifica-
tion, for example, require proper microbial cell lysis and absence of
enzymatic inhibitors. PCR techniques can generate artifacts such as
chimeras, primer-dimers, and mutations that can lead to a false
representation of microbial diversity, and thus require specific and
well-designed primers, appropriate nucleic acid starting quanti-
ties, and potential PCR elongation time troubleshooting. Another
significant limitation to using culture-independent approaches is
the inability of the techniques to identify viable microorganisms
from samples, leaving unexplained whether the diversity obtained
reflects true transients or residents of the skin, or whether they
were simply dead contaminants retained on the skin.

The viral portion of the human metagenome, the virome, is
more poorly characterized than the bacterial portion. Culture-
based approaches suffer from the inability to replicate certain
viruses in vitro and the difficulty in establishing viral antigenic/
serological cross-reactivity (Delwart, 2007). Culture independent
methods, such as shotgun library sequencing and high-throughput
pyrosequencing, are also done, though the relatively few numbers
of known viral sequences available make it difficult to identify
viruses (Delwart, 2007).

2.2.2. Capturing temporal dynamics

Temporal patterns of microbial community structure can be
extremely dynamic. Species composition can vary from one time
point to another, with irregular cycles. Understanding these
patterns is important for investigating associations between the
human microbiome variability and health and disease, and
ultimately, for determining whether a core human microbiome
exists. Identifying a core microbiome for human skin would assist
clinical applications, as diagnostic or prognostic factors may
depend on recognizing significant deviations from the core.
Changes in microbial community structures beyond what is
expected over time may indicate an altered physiological state
conducive to disease. However, the existence of a core human skin
microbiome remains to be determined because at present, the
dynamic nature of the skin microbiota has not been adequately
characterized.

To date, studies that have characterized the microbial profile of
the skin through time, rarely involve more than a handful of
intervals (Table 1). Overall, despite the fact that the time variation
ranged from a couple hours to 10 months in these studies, the skin



Table 1
A summary of selected skin microbiota studies that included temporal dynamics.

Main study aim Temporal sampling done

Costello et al. (2009) (Science) Obtained an integrated view of the spatial and temporal distribution

of the human microbiota from up to 27 sites in 7–9 healthy adults,

using a multiplexed barcoded pyrosequencing approach.

Microbiota samples were donated on

17 and 18 June and 17 and 18 September 2008.

Dekio et al. (2007)

(J. Med. Microbiol.)

Compared the skin microbiota profiles in 13 patients with atopic

dermatitis and 10 healthy controls, using terminal RFLP analysis of

bacterial 16S rRNA genes.

Sampled 2 atopic dermatitis patients

twice over 7 days.

Fierer et al. (2008)

(Proc. Natl. Acad. Sci. U.S.A.)

Examined the palmar surfaces of the hands of 51 healthy young adult

volunteers to characterize bacterial diversity and to assess its variability

within and between individuals, using a novel pyrosequencing-based method.

Swabbed the palms of 4 men and

4 women every 2 h for a 6-h period after

hand washing.

Gao et al. (2007)

(Proc. Natl. Acad. Sci. U.S.A.)

Examined the diversity of the skin biota from the superficial volar forearms of

6 healthy subjects, using 16S rRNA genes PCR-based sequencing

of randomly selected clones.

Re-sampled 4 of the 6 subjects 8 or

10 months later.

Grice et al. (2009) (Science) Characterized the topographical and temporal diversity of the human

skin microbiome from 20 diverse skin sites of 10 healthy volunteers,

using 16S rRNA gene phylotyping.

Collected samples 4–6 months after

initial visit from 5 of the 10 healthy

volunteers.

Paulino et al. (2006)

(J. Clin. Microbiol.)

Used molecular methods to identify the fungal species present in 25

skin samples from 5 healthy subjects (flexor forearm) and 3 patients

with psoriasis.

2 samples from each forearm of

2 healthy subjects, obtained 10 months

apart; 2 samples from same lesion of

1 patient, obtained 6 months apart.
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microbiota was found to be relatively stable. However, these studies
are not consistent with each other regarding the health of
individuals sampled (e.g. healthy, psoriasis patients, dermatitis
patients), the skin site sampled (e.g. facial skin, palmar surfaces), the
sampling method (e.g. swab, scrape, scrub-swab), and the method of
detection (e.g. pyrosequencing, RFLP analysis, clone libraries) used
to characterize their microbiota. Any conclusions about the diversity
and/or stability of microbial communities are highly dependent on
these sampling issues as well as the taxonomic level analyzed. The
inconsistencies between skin microbiota studies make it difficult to
generalize results regarding temporal and spatial dynamics of
human skin microbial communities.

To obtain a complete understanding of the temporal dynamics
of the skin microbiota, it is necessary to capture the community
structure at several time points. Fig. 2 illustrates the difficulty in
determining this dynamic profile. Panels A and B show how
sampling (represented by the stars) at two or three different time
points may not represent the true variability (represented by the
curves) of the microbiota within an individual, and may lead to the
Fig. 2. Schematic representations of the potential tem
conclusion that there is no variability (Panel A) or that some
external factor (e.g. treatment) may have contributed to the
decrease in microbial diversity in time (Panel B). In reality, the full
scope of the variability within an individual can only be
determined when sampling is done at sufficient time points
(Panel C). Only then, is it possible to speak of an average microbial
community structure (represented by the line) per individual
(Panel D). Another review recently stated that microbial commu-
nities have been thought of as stable because their ‘‘temporal
variability is lower than inter-individual differences’’ (Dethlefsen
et al., 2006). However, comparisons between the skin microbiota of
an individual with another need to be done once the true
variability within an individual is known, in order to establish any
significant inter-individual differences. Interestingly, using hier-
archical distance-based metrics, Costello et al. (2009) have shown
that human microbial communities cluster first by body site,
followed by individuals then time.

To understand the dynamics of the microbial community
structure processes, researchers examine the human microbiota
poral variability of the human skin microbiome.
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over time and space, and the interconnectedness within and
between individual hosts, respectively (Foxman et al., 2008). Skin
microbial communities have been shown to display specific spatial
patterns, with similar communities grouping together at left and
right sides of the body, at regions close to the head, and at regions
close to the arms (Costello et al., 2009). It has been suggested that,
in general, skin sites in closer proximity appear to contain more
similar microbial communities than other more distant skin sites
(Fierer et al., 2008). Furthermore, certain bacterial phylotypes are
shown to predominate moist, sebaceous, and dry skin regions
differentially (Grice et al., 2009). Accounting for these spatial
differences is important when attempting to capture temporal
dynamics among and between individuals. While many studies
tend to emphasize spatial and temporal distribution patterns of
microorganisms in a specified ecosystem, further explanations of
how and why such patterns arise are still largely missing. Human
skin microbiota diversity is thought to arise via the many factors
depicted in Fig. 1 and explored below. It remains to be seen
whether any of such drivers of human microbiota diversity act to
influence the development of health outcomes.

3. Driving forces of human skin microbiota diversity

3.1. Transmission

Studies that have examined transmission of skin microorgan-
isms often focus specifically on pathogenic microorganisms for the
purpose of preventing infectious disease transmission, especially
in healthcare settings. Unfortunately, few studies describe
transmission of non-pathogenic microorganisms among healthy
(and non-healthy) individuals. Additionally, the issues of whether
there may be mutualistic relationships between pathogenic and
commensal microorganisms that enhance transmission, or antag-
onistic relationships that minimize acquisition have not been fully
assessed. As shown in Fig. 1, the role of transmission in influencing
the microbial community structure of resident human skin
microbiota is very important.

Inter-species interactions can greatly influence the presence of
microorganisms within a community. In the skin, for instance,
Propionibacterium acnes and S. aureus have been implicated in
working synergistically to increasingly make worse skin lesions
caused by one bacterium alone (Lo et al., 2010). Antagonistic
interactions also occur, due to competition or predation (Little
et al., 2008). For example, S. aureus and S. epidermidis are known to
have competitive behaviors on the skin, which could be explained
by the serine protease Esp (Iwase et al., 2010) secreted by S.

epidermidis, and possibly regulated by its agr pheromones (Otto
et al., 2001). As discussed in detail by Chiller et al. (2001),
‘‘bacteriocin and toxic metabolite production, induction of low
reduction-oxidation potential, nutrient depletion, and inhibition of
adherence and translocation’’ are just a few of the mechanisms
used by bacteria that allow them to interact in the same
community. For example, bacteriocins, which are toxins produced
by certain bacteria (e.g. lactobacilli, propionibacteria), are able to
inhibit the growth of other, potentially more pathogenic bacteria
(e.g. staphylococci) (Klaenhammer, 1993; Oh et al., 2006). Among
those with damaged skin, certain bacteriocin producers proliferate
and dominate the bacterial community (Roth and James, 1988).
Novel bacteriocins are being identified at a growing pace (Martin-
Visscher et al., 2008; Sawa et al., 2009; Tiwari and Srivastava,
2008). The bacteriocin nisin, from Lactococcus lactis, has been
shown to reduce the clinical signs of mastitis, which is generally
caused by a Staphylococcal infection (Fernández et al., 2008).
Indirect inter-species interactions also occur through the engage-
ment of the host immune system (Chiller et al., 2001). Viral
infection, for example, causes alterations on epithelial cell surface
receptors (Roth and James, 1988).

Transmission via direct contact with other individuals or
indirectly with fomites or water droplets found in the environment
introduces transient microorganisms that may have the potential
to alter the dynamics between resident microorganisms of the skin
microbiota. Moreover, movement patterns of daily living may have
an effect on microbiota, in its ability to enhance transmission
probabilities. For instance, the number of people living in close
contact with an individual and their networking patterns, the
individual’s commuting practices, occupation and leisure pursuits,
and interchanges with schools or child-care facilities all could
influence the spread of skin microbes.

3.2. Host demographic characteristics

The microbial communities present on skin are determined by
skin conditions, the host’s hormonal status, age, gender, and
ethnicity (Fig. 1) (Fierer et al., 2008; Fredricks, 2001; Grice et al.,
2009; Roth and James, 1988). In terms of skin conditions, overall
the skin is cooler than core body temperature, and has a pH around
5, although it varies by body site (Chiller et al., 2001). Several
molecules synthesized by the skin can contribute to skin surface
conditions, which for the most part have the ability to discourage
microbial growth. Even host gender shapes skin environment,
thereby influencing what is able to colonize men and women.
Women have been shown to have significantly greater bacterial
diversity on their hands in comparison to men (Fierer et al., 2008).
Though there have been reports of differences in carriage rates of
microorganisms between races, there is still much to learn
regarding the diversity of microbiota across a wide range of
cultures and ethnicities (Evans et al., 1984; Mai and Draganov,
2009; Sultana et al., 2003). Explanations for age and gender related
differences may include differences in hormones, sweat or sebum
production, skin pH differences, and interactions with host
behavior. For example, a plausible explanation for women having
greater bacterial diversity on the skin of their hands may be that
they likely have more contact with children, who commonly
experience a high burden of common infectious diseases. Also,
women may be more likely to use cosmetics, thereby altering the
microbial community structure of their skin. A survey looking at
potential associations between demographic information of
neonatal intensive care unit nurses and the total microbial
composition found on their hands, showed that while age had a
minimal effect, race was shown to be ‘‘a significant predictor of
skin health’’ (Sultana et al., 2003). The authors note, however, the
limited variation in age among the nurses surveyed.

3.3. Host genetics

Apart from skin’s structural cell layers and synthesis of
molecules that influence microorganism proliferation, its immu-
nological machinery may also play a role in skin microbial
community structure. The innate immune system of the skin, now
known to be important in regulating the microbiota at multiple
epithelial surfaces, contains Langerhans cells, T lymphocytes, mast
cells, and keratinocytes, which expresses Toll-like receptors and
produces cytokines, chemokines, b-defensins, RNase7, and other
antimicrobial peptides (Pivarcsi et al., 2005). The skin-associated
lymphoid tissue (SALT) has the ability to produce and secrete
immunoglobulins, present antigens and activate T-cells, which can
affect the composition of the microbial communities. Conversely,
certain skin microbial residents are known to affect the host
immune system. For instance, S. epidermidis has recently been
shown to upregulate the expression of antimicrobial peptides in
keratinocytes (Wanke et al., 2010). Immunogenetic components of
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the skin, such as the human leukocyte antigen (HLA) gene cluster,
are shown to have associations with certain skin diseases, such as
psoriasis (Bowcock and Woodson, 2004) and ashy dermatosis
(Correa et al., 2007). It remains to be shown whether such
associations are mediated by the microbial communities of the
skin (Fig. 1).

While genome-wide association studies (GWAS) have success-
fully identified many genetic variants to be associated with a
number of human diseases, GWAS investigating whether genetic
variations in the human genome can influence microbiota
composition are now emerging, owing in part to rapid advance-
ments in sequencing technologies and bioinformatics. Commonly
measured genetic variants include single nucleotide polymorph-
isms (SNP), non-SNP variants, and insertion-deletions (INDEL).
Using a large murine intercross population, Benson et al. (2010)
were able to show that host genotype does indeed explain some of
the variation in the gut microbiota, controlling for environmental
factors. Another murine model study looked for associations
between the matriptase genetic variant, which led to filaggrin
deficiency and atopic dermatitis phenotype, and skin microbiota
(Scharschmidt et al., 2009). Scharschmidt et al. (2009) were able to
show a significant alteration in the skin microbiota of these
transgenic mice, in particular, a higher abundance of Corynebac-

teria and Streptococci, in comparison to their wild-type littermates.

3.4. Human behavioral characteristics

Behavioral factors such as the use of medications (e.g.
antibiotics, steroids), hygiene practices (e.g. personal, domestic),
and use of cosmetics (e.g. creams, lotions, emollients) have all been
reported as having the ability to alter the microbial community
structure of the skin (Fig. 1) (Fierer et al., 2008; Fredricks, 2001;
Grice et al., 2009; Larson, 2001; Larson et al., 2002; Roth and James,
1988). Other behavioral characteristics such as diet and nutrition,
sun exposure, and smoking, are all considered contributing factors
to skin and systemic health, however, their potential to influence
the microbial community structure of skin has yet to be examined.

Hand washing has been long been considered to be the simplest
and most effective method for controlling infectious diseases (Borges
et al., 2007; Larson, 2001). Individuals’ hands can be thought of as
either fomites, by transiently carrying microorganisms, and/or as
vectors, by harboring established, endogenous microorganisms that
have the potential to be transmitted from one person to another.
Despite the multitude of studies emphasizing the benefits of
personal hygiene on reducing disease transmission by removing
transients obtained by contamination (Aiello et al., 2008; Allegranzi
and Pittet, 2009; Larson, 2001; Larson et al., 2004; Luby et al., 2005),
the effects of hand washing on the microbial community structure of
the hands is an area in need of more research. We still do not know
the impact of hand washing on the longer term resident biota.
However, such impacts have already been metaphorically equated to
the disturbance caused by ‘‘hurricanes’’ and ‘‘forest wildfires’’
(Fredricks, 2001; Marris, 2009). Most reports of resulting microbial
structure alterations rely on total bacterial colony-forming-units
(CFU) in an attempt to explain disease causality. However, although
hand washing is meant to remove transient microorganisms to either
decrease self-inoculation (why we wash hands before eating) and/or
transmission (why we wash hands after sneezing into them),
researchers do not necessarily see a reduction in CFU counts after
hand washing (Aiello et al., 2003). This may be a consequence of a
microbial community structure disturbance whereby shedding of
the skin reveals another layer of resident microorganisms. Realisti-
cally, diseases occur not just with an increase in bacterial loads, but
also with an alteration in the microbiota of the individual and the
resulting interaction with host immunity. Aside from reducing the
number of transient microorganisms present on the skin, hand
washing also has an impact on the skin condition itself, in altering the
resistance capacity of the stratum corneum (i.e. the electrical
properties of the skin), lipids, transepidermal water loss, and pH,
which could consequently affect the microbial community structure
(Larson, 2001). Hand washing can be seen as a disturbance to the
microbial community structure, possibly perturbing the existing
trade-off between its microbial colonizers and competitors.

Individuals differ widely in their behavioral habits, which may
have potentially meaningful consequences in altering the skin
microbiota. Just in terms of hand hygiene alone, the frequency and
duration of washes and type of soap product use (plain soap,
antimicrobial soap, and/or alcohol sanitizers), can account for some
of the variation in microbial community structure between
individuals.

3.5. Environmental characteristics

Temperature, moisture, and exposure to ultraviolet radiation,
are all known examples of environmental factors that can alter skin
conditions and have the potential to influence the microbial
community structure of the skin (Fig. 1). For colonization to take
place, microorganisms must adhere to a host by binding to specific
receptors on the host epithelial cell, and have been shown to do so
with varying affinities (Romero-Steiner et al., 1990). Though skin
dryness may help to prevent the acquisition of certain transient
microorganisms, consequent breaks on the skin surface may
expose such receptors (Roth and James, 1988). Seasonality has
been demonstrated in influencing diseases of the skin, likely as a
result of microbiota alterations in response to climate changes (Jha
and Gurung, 2006). Moreover, ultraviolet B (UVB) radiation, known
to impact skin conditions, was observed to have disparate
microbicidal effects on the skin microbiota (Dotterud et al.,
2008). In particular, S. aureus appeared to be more sensitive to the
radiation treatment than S. epidermidis.

Individuals are constantly being exposed to the microbial
fluctuations of the indoor environment (Rintala et al., 2008). In
addition, individuals differ widely in their occupational exposures
(e.g. nurses, gardeners, teachers), which may also account for the
variation between the community structures of their skin
microbiota. For example, significant skin microbiota differences
were observed between chronically ill outpatients and hospital-
ized inpatients, controlling for chronic illness as a potential
confounder, which may indicate hospitalization as a potential
driver of variability (Larson et al., 2000).

Just as the skin microbiota of humans harbor resident micro-
organisms, the physical environment (e.g. door handles, kitchen
surfaces) surrounding the individual may be ‘‘reservoirs’’ for
microbial colonization (Kagan et al., 2002). Even house dust has
its own characteristic microbial composition (Maier et al., 2010;
Rintala et al., 2008). Microbial communities within showerhead
biofilms across the United States were found to contain opportunistic
human pathogens (Feazel et al., 2009). These potential reservoirs
likely increase the risk of microbial transmission, and thus the
opportunity for disease. Concerns about the impact of environmental
determinants of health are important, but their influence in altering
the microbial community structure of skin microbiota, thereby
resulting in adverse health outcomes, has not been sufficiently
investigated. The fact remains that not much is known about the
microbial composition of environmental settings (Feazel et al., 2009),
nor how it influences the microbial community structure of skin.

3.6. The impact of microbial community structure on health outcomes

Underlying biological mechanisms explaining why an altered
skin microbiota diversity may result in disease, thus explaining the
arrow from ‘species diversity/microbial community structure’ to
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‘health outcomes’ in Fig. 1, include inflammation, absence of
necessary members of the microbial community, and a decrease in
microbial antagonistic interactions (Stecher and Hardt, 2008).
Other possible mechanisms may consist of modifications to normal
microbial signal transduction and quorum-sensing, resulting in
cascades that may lead to damaging cellular changes in the host.
Lateral gene transfer may allow skin microbiota to share functional
roles, possibly eliminating redundant species and consequently
impacting host health outcomes.

Given the many different ways in which the skin microbial
community structure can be modified to potentially play a role in
disease, it is clear that it is not the mere acquisition of a pathogen
that causes disease, or hand washing that directly prevents disease,
or that contaminated surfaces result in disease, or even that
antibiotics eliminate disease. These events are all mediated by the
resident skin microbial community structure of the individual. It is
what happens to that microbial diversity that governs whether or
not a host immune response is elicited, thereby establishing
disease. In demonstrating that the skin microbiota is responsible
for controlling cutaneous inflammatory responses, thereby pro-
tecting the host from unintended inflammatory diseases, Lai et al.
(2009) provided evidence of a relationship between the micro-
biota, host immunity, and disease.

The microbial diversity present in and on humans is associated
with several infectious and non-communicable diseases. Changes in
resident microbial communities have been shown to be associated
with skin conditions such as acne, atopic dermatitis, and psoriasis
(Bek-Thomsen et al., 2008; Dekio et al., 2007; Gao et al., 2008). Even
more broadly, The Human Microbiome Project has inspired exciting
new studies demonstrating how changes in resident microbial
communities play a role in disease, including antibiotic-associated
diarrhea, bacterial vaginosis, human immunodeficiency virus,
obesity and cardiovascular disease (Oakley et al., 2008; Ordovas
and Mooser, 2006; Othman et al., 2008; Price et al., 2010; Young
et al., 2008). Insights into the effects of resident microbial diversity of
the human microbiota on health outcomes provide encouragement
for further characterization of the skin microbiota.

4. Conclusions

4.1. Challenges in assessing multilevel associations

Describing associations between the microbial community
structure found on the skin and the health outcomes of individuals
requires an integrative approach across several disciplines. Studying
the human microbiota involves the fields of microbial ecology,
population biology and microbiology. Further linking the skin
microbiota to individual and population health outcomes also
incorporates medicine, immunology, epidemiology and biostatistics.
Thus, a comprehensive understanding of correlations between
changes in the human microbiota and disease, with the consequent
translation into public health benefits, requires an interdisciplinary
endeavor.

Without an understanding of the normal range of microbial
diversity within and between individual hosts, it is difficult to
relate microbiota composition to disease status (Mai and
Draganov, 2009). Further complication arises from recognizing
that microbial diversity involves many levels: the microbial level
(individual microbes as well as populations and communities of
microbes), the individual level (host factors), and the human
population level. Despite a number of ecological studies that assess
population-level risk factors for disease, most epidemiological
studies have traditionally looked at individual-level risk factors
(Diez Roux and Aiello, 2005). Recently, however, it has become
more apparent that focusing on the individual level does not
account for other equally important health determinants such as
the influence of social norms (a population level factor), like
hygiene practices, on disease risk (Larson et al., 2004).

In any attempt to infer a causal association between human
microbiota and disease, it is necessary to determine the risk of
developing disease given the present microbial community on a
host population. Therefore, another challenge, one effectively
explained by Mai and Draganov (2009), is the need for longitudinal
studies with enough power to identify microbiota differences
between groups despite the large variation that is likely to be
observed within groups.

4.2. Implications for health

In this review, we have shown that skin, the largest organ of the
human body, is normally colonized by a diverse community of
microorganisms, some of which are potentially pathogenic under
certain conditions. It is the continuing inter- and intra-species
interactions of the microbial community, along with host
immunity, that regulate these conditions to avoid disease. An
implication of this regulation is that when microbial community
interactions are altered, certain microorganisms may become
more easily dispersed and thus be more readily transmitted to
another person or even oneself (i.e. autoinfection). Additionally,
keeping the skin microbiota in check may allow the host immunity
to be continually primed, so that in the event of disease onset, it is
better equipped at controlling its progression.

We have also shown that the microbial community structure of
the human skin is continuously influenced by microorganism
dispersal, host behavioral characteristics, and the environment.
These driving factors may lead to significant and potentially
harmful alterations of the skin microbiota. The implication is that
by manipulating the human skin microbiota community structure
via its modifiable transmission-related, behavioral, and environ-
mental pathways (Fig. 1), disease could potentially be prevented or
treated, especially given the recent advances in molecular
technology. The most obvious example lies in the use of oral
and topical probiotics, intended to limit the growth of pathogenic
microorganisms while enhancing commensal ones (Krutmann,
2009; Ouwehand et al., 2003). Clinically, controlling the microbial
community structure of the skin has the potential to decrease the
rejection of viable skin grafts between individuals, as well as
between different body locations within the same individual.

Identifying specific microbial community structure patterns of
the human skin microbiota associated with disease will identify
new potential intervention measures for improving health. It is
anticipated that exploration of this new and different approaches
to human health will provide insights into disease etiology,
management, and prevention.

4.3. Summary

Given the recent interest and technological advances in
characterizing the human skin microbiota, it is important to learn
whether certain diversity patterns or species composition of human
microbiota are predictive or diagnostic of disease. A conceptual
framework for understanding the interactions between skin
microbiota, the human host and the environment is presented here
in order to organize what host, dispersal, behavior, and environ-
mental factors, or combination thereof, have the potential to drive
the variability of the microbial community structure, thereby
altering the skin microbiota diversity in such a way to cause disease.
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