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Abstract
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This report details the outcome of the 1st Skin Microbiota Workshop, Boulder, CO, held on October 15th-16th 2012.
The workshop was arranged to bring Department of Defense personnel together with experts in microbial ecology,
human skin physiology and anatomy, and computational techniques for interrogating the microbiome to define
research frontiers at the intersection of these important areas. The workshop outlined a series of questions and
created several working groups to address those questions, specifically to promote interdisciplinary activity and
potential future collaboration. The US Army provided generous grant support and the meeting was organized and
hosted by the University of Colorado at Boulder. A primary forward vision of the meeting was the importance of
understanding skin microbial communities to improve the health and stealth of US Army warfighters.

Introduction

The skin is the human body’s largest organ, playing a crit-
ical role as the body’s primary barrier against disease and
desiccation [1]. The skin is colonized by a wide range of
microbes, the roles of which are just beginning to be
understood due to advances in DNA sequencing and
metagenomics [2]. Rather than being heterogeneous, the
skin microbiota varies substantially from body site to body
site [3], with “dry”, “sebaceous”, and “moist” sites being a
particular driver of the microbiota [4] and a considerable
degree of symmetry between the left and right sides of the
body [5,6]. The skin microbiota contains substantial
microstructure within the layers of the skin, with microbes
resident not only on the surface but throughout, particu-
larly in association with pores and glands [2]. Skin micro-
biota are personal, providing the opportunity to identify
the person from which the skin microbial community
structure profile originates to a surprising extent, even
marking out objects habitually used by a given individual
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and potentially allowing forensic identification [7]. Strik-
ingly, although the skin microbiota varies more over time
than the microbiota in other human body habitats such as
the mouth or the gut [5,8], different individuals tend to
maintain their separate identities in terms of the skin mi-
crobes they carry. Skin microbes are linked to human
body odor [9], although the specific pathways involved are
only beginning to be understood [10-12] — in a military
context, these odors can give away troop positions, and
even affect mosquito attractiveness [13-16].

Day 1

The first day of the workshop comprised the arrival, pri-
mary presentation and discussion forum for the meeting.
The meeting was held in the Millennium Harvest House,
1345 Twenty-Eighth St, Boulder, CO 80302, USA, and
was attended by 35 people. Each attendee gave a 1-2
minute introduction on who there were, why they were at-
tending, and what they hoped to gain from this meeting.
The group comprised many disciplines including biolo-
gists, biophysicists, human skin physiology specialists, skin
anatomy specialists, medical doctors, US Army and US
Navy researchers, microbial ecologists, microbiologists,
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bioinformaticians, computational biologists, programmers,
and mathematicians. This group covered a extremely
broad range of expertise, but had a common theme, in
that each attendees research has a focus on the interface
between microbial consortia and skin physiology.

The meeting started with an introduction and welcome
by Rob Knight who organized the meeting and defined the
agenda. Wally Buchholz, program manager from the US
Army Research Office Life Sciences Division, provided an
initial overview of why the Army Research Office was in-
terested in the microbiology of human skin. Wally has
subsequently left the office, and Dr. Virginia Pasour has
taken over this role. The specific themes put forward in
this brief introduction related to the health and stealth of
the warfighter in the field. Several potential research tar-
gets of interest to the Army were highlighted, including
the role of skin microbiota in the attraction of biting in-
sects, the role of microbiota in preventing or causing skin
diseases (e.g. fungal infections, spontaneous abscesses,
wound infections, etc.), and the role of microbiota in body
odor (e.g. do skin microbiota affect how we smell, and can
microbiota-produced odors undermine a warfighters cap-
acity to ‘blend in’ to their environment). Then Rob Knight
provided a brief but comprehensive assessment of pro-
gress and unsolved problems in skin microbial ecology.
This talk highlighted the previous work that had been
done to characterize the microbial consortia that inhabit
skin surfaces, including patterns of spatial and temporal
variation and a brief overview of methods for reading out
the skin microbiota, and also reiterated specific potential
areas of concern such as the role of microbial communities
in inhibiting or advancing skin disease, their role in attract-
ing biting insects and their role in human scent. This brief
introduction provided an overview for the workshop and
promoted the need for interdisciplinary interactions.

Following a brief coffee break, providing an opportunity
for interactive discussion, three overview talks provided re-
views of skin microbiology from different viewpoints:
dermatology, microbial ecology, and molecular microbiol-
ogy, followed by an overview of the technologies currently
used to explore the microbiology of skin. Heidi Kong
(National Cancer Institute, USA) began, with an overview
talk on the physiology and anatomy of human skin from a
dermatological perspective, entitled “More than Skin Deep:
An overview of the structure and function of human skin”.
This talk highlighted the complexity of the skin. The skin is
an essentially multi-laminar organ composed of several cell
layers that undergo a continuous process of differentiation
producing microscopic and macroscopic structural diversity.
The skin provides a range of physiological functions, includ-
ing a physical permeability barrier, active immunity, protec-
tion against disease, wound repair and regeneration,
thermoregulation, sensation and appearance. However, the
skin can also be subject to a range of dysfunctions, including
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problems induced by toxins or chemicals, dehydration, skin
cancers, autoimmune disorders, viral, bacterial and fungal
infections, burns, skin cancer, hyper-/hypothermia, Hansen’s
disease (leprosy), vitiligo, photoaging, etc. There followed a
detailed overview of the microscopic diversity of skin, which
consists of different layers including the stratum corneum,
granular layer, spinous layer, and basal layer, cellular compo-
nents including keratinocytes, Langerhans cells, Merkel
cells, melanocytes, resident T cells, and microbes, and ap-
pendages including sweat glands, sebaceous glands, hair fol-
licles, and nails [17]. The discussion of skin immunity, and
the innate and adaptive immune response in skin, was espe-
cially informative. This presentation also described the topo-
graphical variability of skin macroscopic structure and
morphology across the human body, highlighting specific
variability in thickness, and the distribution of hair, eccrine
and apocrine sweat glands, and the density of sebaceous
glands. All these factors potentially affect the structure and
stability of the microbial assemblages that colonize and de-
velop in each region, although the specific influence of each
of these factors and the magnitude of the effect remains un-
known. Similarly, other host and environmental factors in-
cluding sexual maturity, aging, genetics, health status, and
hygiene, emollients, clothing and climate were also sug-
gested to have a significant impact on microbial assemblage
formation, although again research into the relative effects
of these factors is largely nascent.

Julie Segre (National Human Genome Research Institute,
USA) gave the next overview talk, entitled “Elucidating the
diversity of the human microbiome”. This talk described
both traditional and new approaches to studying skin
microbiology, and how these approaches have changed our
perspective of skin microbial ecology in recent years. The
medical community has a long history of studying the skin
microbiota, and much of this early work was performed in
a military context (including Evans et al [18]), Shehadeh
and Kligman [19], Leyden et al [20], and US-Army (e.g.
during the Vietnam war exploring how a hot and humid
climate promotes skin disease and the impact of biting in-
sects on warfighters). Participants found the discussion of
the skin microbial biomass fascinating: a swab of the skin
can uncover a density of 10,000 microbial cells per square
centimeter, but the estimates of density are much higher
using a scrape (50,000/cm?) or a skin punch (1,000,000/
cm?®). Thus, the vast majority of microbes live beneath the
skin surface, although the diversity estimate by the differ-
ent methods are similar [3]. There followed a discussion of
the variability in microbial community composition and
assemblage structure between different skin sites,
showing oily, dry, and moist crease skin biome classifi-
cations to be a primary driver in community structure
[4]. The variability among people within a skin site was
also shown to be important: this variability can only be
fully assessed by performing longitudinal studies of the
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skin microbial assemblage, especially high resolution
temporal studies of the microbiota of the skin of peo-
ple’s hands [8]. The potential individuality of people’s
microbial consortia also suggests a role for forensic
classification of personal microbial signatures [7]. The
Human Microbiome Project extended our knowledge
of the ‘healthy’ skin microbial community demonstrat-
ing that major body sites had signature microbial taxa,
but with large variation among the 250 individuals sur-
veyed [21]. The important question of where our skin
microbiota originates from was also discussed: for ex-
ample, during birth, vaginal versus cesarean delivery
significantly alters the microbial community found in
the skin, the oral cavity and the gut of the infant [22],
and the establishment of this initial microbiota may in-
fluence the succession of the community during the
first year of life and beyond. Work on the microbial as-
semblages associated with atopic dermatitis was also
highlighted [23], as were differences in the microbial
communities associated with the skin of different global
populations [24]. The talk concluded with a discussion
of potential future directions for skin microbial re-
search, including the application of shotgun metage-
nomics to explore the functional dynamics of skin
microbial communities (which is currently limited by
skin microbial biomass), and the characterization of
other microbes other than bacteria, including fungi,
viruses, and protists, as well as microfauna such as
mites. A long discussion then ensued regarding the
technological developments in low-DNA concentration
shotgun metagenomic approaches, including Illumina-
Nextera sequencing that can make libraries for shotgun
approaches with as little as 1-2 nanograms of starting
material. It was agreed that these developments are a
‘same-changer’ for the application of functional gene
characterization for skin microbial assemblage studies.
The use of negative controls was also discussed, espe-
cially for skin swabs. This problem can be significant
for many studies because microbial DNA can often be
amplified from the reagents used to perform DNA ex-
traction and PCR. Therefore, for low biomass samples,
we will need to develop appropriate strategies to screen
for ‘contaminants’ in sequence data, and/or strategies
for removing contaminants from processing reagents.
The final overview talk of the meeting was provided
by Joe Petrosino (Baylor College of Medicine) and Curtis
Huttenhower (Harvard School of Public Health), entitled
“Strategies and technologies for (skin) microbiome stud-
ies”. This talk began by discussing the importance of
knowing what question is to be addressed, what samples
are accessible, what funding level is available, and the
need for appropriate benchmarking of new techniques,
in order to decide what technology can best be applied
in a given project. Similarly, metadata acquisition and
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appropriate databases are critical for such studies, and
for the subsequent re-use of sequence data in later stud-
ies and meta-analyses. For human skin, such information
as gender, race, ethnicity, age, place of birth, occupation,
BMI, vital signs, tobacco use, medical history, medica-
tion history, dietary preferences, etc. are all useful pa-
rameters to know. The use of the Genomic Standards
Consortium’s Minimal Information about Any Sequence
(MIxS) standards [25] was highlighted, and the applica-
tion of the skin-specific environmental packages was dis-
cussed. Considerations for sampling and extraction of
material were also highlighted, for example the impact
of different DNA extraction techniques (e.g. the MoBio
PowerSoil DNA extraction kits used in the Human
Microbiome Project [21] and Earth Microbiome Project
[26] on microbial community profiles was considered an
important area for further definition, as well as the prac-
tical and financial implications of processing material for
thousands to millions of samples. Considerations in-
cluded ‘do I need to compare my data to other studies?,
‘what information can I get from this extracted DNA,
e.g. viruses, RNA, or protists?, and ‘is my extraction
protocol optimized for low biomass? Another important
consideration is the application of shotgun metage-
nomics versus amplicon sequencing, and the need to de-
fine your question in the selection of these approaches.
The talk also highlighted different DNA sequencing
technologies (e.g. Illumina, 454 pyrosequencing and Ion
Torrent), and discussed the advantages and limitations
for each in terms of sequence quality, read length and
number of reads generated per run. This section con-
cluded by discussing the potential application and limi-
tations for exploring viral metagenomics and particle
profiling in skin samples. Curtis Huttenhower then
highlighted some of the computational tools and analyt-
ical techniques available for exploring microbial commu-
nity structure, including QIIME for amplicon sequence
data analysis and interpretation, and tools developed by
the Huttenhower Lab for performing complementary
tasks including tasks related to shotgun metagenomic
sequencing (HUMANn for metabolic reconstruction,
MetaPhlAn for taxonomic annotation, microPITA and
PICRUSt for linking 16S rRNA and metagenomic stud-
ies, and LEfSe and MaAsLin for detecting metagenomic
biomarkers). Application of these tools will allow sub-
stantial new insights into the skin microbiota.

After lunch, we organized into breakout groups to de-
fine clusters of topics related to the skin microbiota and
opportunities for future research directions, defined by
participant interest. Several key clusters of topics emerged.

The first cluster was related to the healthy microbiota:
is there a core microbiota within a person’s skin? How
do we perform statistical power calculations to deter-
mine appropriate cohort sizes for analysis? How many
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sequences would we need to collect per sample in order to
find it? Is a given person’s microbiome unique and/or
identifiable over time? What is the relative effect size of
specific technical parameters (DNA extraction, sample
collection, taxonomy analysis, etc.) vs biological parame-
ters (body site, individual, clinical states such as dermatitis,
mosquito attractiveness, etc.?) What is the best way to de-
fine what a “healthy” microbial community is, and is this
definition general or individual-specific? Are there indica-
tor species that can be used to define health or disease?

The second cluster was related to different host and
environmental effects that might affect the microbiota.
For example, what are the environmental determinants
of the microbiome, including geography and exposures
of different kinds, and can we exploit features such as
travel that change the microbiome but not the host and/
or skin phenotype to understand which components of
variation matter and which represent variation that is
not biologically significant? How much does the skin
microbiota differ in different populations, and how
much do conclusions drawn from one population
generalize to others? Is there an age at which the micro-
biome becomes fixed? What controllable host factors,
such as, diet or drugs, and uncontrollable host factors,
such as host genetics, lead to differences in phenotypes
influenced by skin microbiota including odor and mos-
quito attractiveness? What are the non-pathogenic or-
ganisms that interact with the host and the pathobionts
doing? How do these non-pathogenic organisms influ-
ence succession, e.g. by changing host responses? How
does changing the community in one body site (e.g. the
gut) trigger changes in the microbiome at another body
site (e.g. the skin) through systemic factors, treatment,
immune responses, or other factors? What is the effect
of different antimicrobial technologies (e.g. the broad-
spectrum antimicrobials used in uniforms) — or, more
generally, extrinsic events that do change the microbiota
and could perhaps be used to drive a microbiota in a
specific direction? Does antimicrobial use increase mi-
crobial migration rates? What influence do topical treat-
ments (e.g. antibiotic creams) have?

The third cluster was related to technical challenges.
These included questions about how can we better meas-
ure microbial biomass? Are there other key technical limi-
tations that, if overcome, would increase our ability to
answer specific questions? What is the replication rate of
skin microbes, and where on the body and within the skin
is most of this replication occurring, e.g. are there source/
sink dynamics? Which questions should be answered in
animal models, tissue models, or other culture models,
and which animal models are most appropriate in order to
generalize the results to humans? Is skin unique relative to
other body habitats because most of the dominant bacteria
are culturable?
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Finally, we agreed that several additional questions
were interesting, but there was less support from the
group for discussing those questions during the work-
shop. These questions included the question of how we
can get better annotations, especially functional annota-
tion of genes given that 2/3 of genes in a typical bacter-
ium are uncharacterized at present, and better reference
phylogenies for identifying marker genes at the species
level? What is the prevalence of CRISPRs, how common
are CRISPRs across the skin within and between subjects
and sites, and what does the mobile gene content (in-
cluding plasmids and viruses) look like? Does horizontal
gene transfer occur on the skin, and if so how do rates
compare to rates at other body sites? Should studies try
to cover the whole skin, or focus on specific body sites
(and, if the latter, which body sites?)

Day 2

The second day consisted of reports from the working
groups, and further discussion around more focused
topics aimed at delineating possible future collaborations
and research programs.

There was an extensive discussion about biomass meas-
urement, and other technological developments that could
advance the field. The participants agreed that although
improved measurement of biomass would be useful (espe-
cially in terms of converting information about relative
abundance of organisms to absolute abundance, which
would for example allow us to distinguish between a
bloom in one organism versus a decrease in other organ-
isms), in general, the barriers to advancing the field stem
not from technical limitations but rather from lack of ac-
cess to samples or subjects. Because many of the tech-
niques are new, a large number of obvious questions have
not been addressed and there is substantial opportunity
for amassing new knowledge rapidly.

In the first round of working group reports, there
was substantial agreement from those reporting (Curtis
Huttenhower, Katherine Lemon, Charlene Mello, Jack
Gilbert, and Benjamin Kirkup) on the major issues. Soldiers
are especially good potential participants in microbiome
studies due to their ability to control many factors not con-
trollable in the population in general, including housing,
diet, drugs, antimicrobials, and many lifestyle factors.

In addressing environmental determinants of the
microbiome, Army personnel provide several unique op-
portunities. These include training cohorts who are
brought together from diverse regions into a single area,
individuals pre- and post-deployment, and, potentially,
monozygotic and dizygotic twins (although twins may
not be specifically tracked by current Army information
systems). Siblings would also be useful if twins are not
available. Longitudinal studies could also determine
whether any homogenization of the skin microbiota
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occurs primarily through transfer of microbes or from
equilibration of groups that are present beforehand but
at different abundance. Another interesting possibility is
comparing skin in situations where modern HVAC sys-
tems are employed to more primitive deployment sites.
Some key questions include whether there are specific
taxa that act in an equilibrium vs non-equilibrium man-
ner, and whether it is possible to discriminate organisms
that live on the skin specifically because it is a favorable
environment for them versus those that can survive
there despite the harsh conditions.

In addressing controllable and uncontrollable host factor
effects, one intriguing possibility, though perhaps requiring
additional technology development, is skin immunotyping.
Surveys of skin microbiota during immunosuppression, ei-
ther systemic or local (e.g. with topical corticosteroids)
could be interesting in this respect. Studies could also be
conducted examining change in the microbiota with bath-
ing and other hygiene practices, which could also inform
us about the resilience and dynamics of the skin micro-
biota to different kinds of perturbations. The role of diet in
affecting the skin microbiota has been understudied, and
the combination of food frequency questionnaires and/or
controlled feeding over different periods, combined with
sampling both of the skin and the gut, could be informative
in this respect. Especially with intravenous feeding, skin
samples could be correlated with an exact vitamin and nu-
tritional profile. For subjects undergoing surgery, especially
for appendectomies and hernias, which are frequent, or
during wound healing, it would be interesting to test
whether specific microbes correlate with different re-
sponses (although some of these questions might be better
answered in animal models). Cross-population compo-
nents could be integrated into many of these studies to test
whether subject stratification is necessary.

One especially interesting possibility would be the cre-
ation of an “Army Microbiome Project” — the initial entry
training for combat troops is 13 weeks, so recruiting four
classes annually for two years would provide substantial
replication. Similar types of studies over longer periods, e.
g. the 4-year periods of the Naval Academy or allowed for
graduate work, could also be interesting. These studies
could cross multiple body sites, including but not neces-
sarily limited to skin and gut, and could track location,
housing parameters, diet, medication, physical activity,
biometrics, etc. The most efficient use of samples would
be in a stratified design in which a subset of subjects is
sampled very frequently (e.g. daily), and a subset at longer
intervals; similarly, a small number of subjects could be
explored in depth, and a larger number at just a few habi-
tats. This would provide substantial cost-benefit in basic
science from controlled longitudinal observation, and
could be complemented with more translational work
on controlled wound healing in hospital and/or animal
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settings. Correlating blood or urine metabolism to the
microbiome, and understanding how to perform pre-
dictive modeling of the skin microbiome (or of syn-
thetic communities), could also be especially useful for
determining mechanisms and for understanding how
changes in odor could relate from changes in metabo-
lites. Single-cell approaches could also be useful, espe-
cially in conjunction with strain collections.

After the initial reports, more specific working groups
were then formed to explore more detailed topics. The
reports from these working groups highlighted several
additional issues.

Maria Gloria Dominguez-Bello from the University of
Puerto Rico and the New York University Medical Center
reported for her group that the army provides access to an
ethnically diverse cohort of healthy, young subjects, pro-
viding clear opportunities to track whether these groups
converge. One interesting question is the right phylogen-
etic level to look at in order to test convergence (which
could include whole-genome studies from single cells or
cultures). Testing whether invasion during co-housing is
higher in people who have been on antibiotics, which
might destabilize the skin community, could also be inter-
esting, as could testing whether changes in the skin micro-
biota during deployment could pinpoint an environmental
cause for some of the differences in the microbiota seen in
cross-sectional studies without migration.

Leslie Vosshall from Rockefeller University noted the
clear links that have been demonstrated among mos-
quito biology, volatile organic compounds, and the skin
microbiota. However, the microbiota inhabiting the mos-
quitoes themselves, and possible effects on insect behav-
ior (as has been demonstrated in Drosophila), are largely
unknown. Human attractiveness to mosquitoes is stable
over extended periods (years), suggesting possibilities for
exploring which aspects of the skin microbiota are simi-
larly stable and could explain these differences. Effects
of ethanol wipes and of soap, and of dietary factors that
are widely believed by the public to reduce mosquito at-
tractiveness including garlic, vitamin B12, and bananas,
have largely not been studied with adequate controls
and sample sizes.

Madeline Ball from the Personal Genome Project at
Harvard discussed the topic of personal identifiability:
what level of analysis is required in order to find unique
and personally or regionally identifying signatures? For ex-
ample, could a handshake transfer enough microbes to
confer a unique signature? How do we characterize the
stable and the malleable components of the microbiota?
Similarly, do either the stable or the malleable compo-
nents allow specific predictions to be made about invasion
of a given person’s microbiota by new microbes?

Martin Blaser from New York University discussed the
profound alterations that humanity has wrought on the
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microbiome with antibiotics, antiseptics, and antimicro-
bials. There are several important opportunities for re-
search in this area, including examining long-term
antibiotic users as “natural experiments” on the effects of
antibiotics on the microbiome, perturbation experiments
that can be performed in mice and in other animal
models, the role of horizontal gene transfer in the skin
microbiota and whether antibiotics promote transfer by
mechanisms including activating the SOS response, the
use of topical treatments as defined perturbations for
assessing the magnitude and dynamics of microbial re-
sponses over time, the importance of considering the non-
bacterial components of the skin microbiota, testing of the
effects of the silver nanoparticle socks being widely de-
ployed by the Army on the skin microbiota, and the ability
of antibiotics to affect phenotypes such as odors,
colonization by harmful microbes, and perhaps even mos-
quito attractiveness.

Wrap-up

The participants largely agreed on the following points:
many of the technologies for understanding the skin
microbiota are now sufficiently mature that substantial
progress can be made with existing technologies rather
than waiting for additional technological developments
(one exception being improved methods for quantifying
microbial biomass). Contamination with human DNA is
challenging for shotgun metagenomic studies (as opposed
to 16S rRNA-based studies, which are largely unaffected),
although it may be more effective to screen sequences
computationally as sequencing continues to decrease in
price rather than to develop new protocols, as sequencing
is not the bottleneck. The Army provides unique advan-
tages in terms of providing access to well-controlled, eth-
nically diverse, and potentially enthusiastic volunteers with
outstanding follow-up, and a number of exciting longitu-
dinal studies of the effects of co-housing, diet, and antimi-
crobials on the microbiome. The effects of the microbiome
on topics ranging from mosquito attractiveness to wound
healing could be explored fruitfully in this context.
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