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The bacterial community that colonizes the human face
imparts physiochemical and physiological effects on
the facial skin. These skin-microbe interactions impact
dermatological, cosmetic and skincare applications
due to the centrality of the human face in daily interac-
tions. However, fine-scale characterization of the hu-
man face skin microbiome is lacking. Using 16S rRNA
sequencing and 3D cartography, this study plotted
and characterized the facial skin microbiome in high-
definition, based on 1,649 samples from 12 individu-
als. Analysis yielded a number of novel insights, inclu-
ding that of the relative uniformity of skin microbiome
composition within skin sites, site localization of cer-
tain microbes, and the interpersonal variability of the
skin microbiome. The results show that high-resolu-
tion topographical mapping of the skin microbiome is a
powerful tool for studying the human skin microbiome.
Despite a decade of skin microbiome research, there is
still much to be discovered.
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he human skin microbiome plays an important role

in both health and disease. It is involved in immune
training, pathogen exclusion, and its dysbiotic state can
often exacerbate disease (1-3). Modern-day practices
have attenuated the skin microbiome, with uncertain
consequences (4—6). Products formulated to alter the skin
microbiome community composition can be used for
therapeutic purposes (7), highlighting its centrality in
health and disease. Despite the centrality of the human
face in many dermatological and cosmetic applications, its
skin microbiome has not been characterized extensively.
Skin microbiome characterization presents unique
opportunities compared with other anatomical sites, as its
accessibility allows topographical or biogeographical pro-
filing. Whereas other sites are characterized from a single
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SIGNIFICANCE

The health and physical appearance of the skin of the
human face is important for dermatological, cosmetic and
skincare purposes. The resident microorganisms that co-
lonize the skin (the microbiome) play an important role in
maintaining the physiochemical balance of the skin. This
study provides the first high-resolution facial map of the
human skin microbiome and provides further insights into
the composition and topographic colonization patterns of
the human face microbiome.

representative sample (e.g. gut: faecal swab; oral: buccal
swab; vagina: vaginal swab), the skin’s large and accessible
surface area necessitates understanding of local community
structure for comparative studies. At its most basic level,
skin sites can be classified as moist, sebaceous or dry (8, 9),
whereby a known group of microorganisms occupies each
habitat. More specifically, 19 different clinically relevant
skin sites have been profiled using 16S rRNA (10), Internal
transcribed spacer (ITS) region (11) or metagenomic (12)
methodologies. Further studies examining the role of the
skin microbiome in various conditions have largely chosen
to sample from these sites, as their baseline characteristics
are well characterized. A landmark study using 3D carto-
graphy to map the skin microbiome and metabolome went
beyond these 19 sites, yet was limited to samples from 2
individuals (13).

The wealth of information regarding baseline commu-
nity composition, longitudinal stability, and dysbiosis in
various clinical conditions stands in contrast to the dearth
of information available regarding fine-scale microbial
topographical gradients between sites. The face has nu-
merous orifices, enabling a variety of human-environment
interfaces, and is important for both clinical and cosmetic
purposes. This study aimed to characterize the human skin
facial microbiome at high resolution, covering the entirety
of one side of the human face in an effort to further our
understanding of biogeographical microbial distribu-
tion on human skin. Using 3D mapping of both female
and male faces, the study mapped hundreds of samples
per individual to provide the most comprehensive skin
microbiome map available to date. The results provide a
basis for further high-resolution topographical studies and
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reveal novel insights into the structure and composition
of the facial skin microbiome.

MATERIALS AND METHODS

Sample collection

Twelve healthy volunteers (6 males, 6 females), aged 28—40
years, were recruited to the study. Written informed consent was
obtained by volunteers according to the approved protocols and
procedures received from the Helsinki Ethics Committee of the
Rabin Medical Center, Petah Tikva, Israel (approval number 0153-
12-RMC). Exclusion criteria for volunteers included pregnancy,
the use of systemic antibiotics over the previous month, the use
of any topical medication, including antibiotics, over the past
month and a history of a dermatological condition. Volunteers
were instructed to avoid washing, showering and application of
cosmetics on the face in the 12 h preceding sampling. Samples
were taken by applying D-Squame Sampling Discs (Clinical and
Derm, Dallas, USA) on the entire right side of the volunteer’s face
and applying a uniform amount of pressure on each sampling disc
using a D-Squame Pressure Instrument. Discs were removed from
the volunteers’ skin using sterile tweezers and stored at —80°C
until DNA extraction.

DNA extraction and sequencing

DNA extraction and library preparation were carried out as des-
cribed previously (14). Briefly, total DNA was extracted using the
MoBio Powersoil DNA extraction kit. PCR reaction mix consisted
of 10 pl Kapa HiFi HotStart Readymix (Kapa Biosystems, Wil-
mington, USA), 0.4 ul primer mix (10 uM of each primer), 7.6
pl Molecular Biology Water (Sigma, St Louis, MO, USA), and 2
ul template DNA. The primer mix contained 5 different primer
pairs, each targeting a different region of the 16S rRNA gene. PCR
conditions followed the manufacturer’s instructions, with the an-
nealing temperature set to 61°C for 15 s. DNA extraction and PCR
setup were performed in a DNA/RNA UV Cleaner-Recirculator
(Biosan, Riga, Latvia) located in a PCR-free facility. PCR reac-
tions were set up in triplicate. Following PCR, triplicates were
pooled and cleaned using Agencourt AMPureXP kit (Beckman
Coulter, Indianapolis, USA). Barcodes and adapters were added
in a second PCR reaction. Samples were pooled and cleaned using
the Agencourt AMPure XP kit (Beckman Coulter). Sequencing
was carried out at Hebrew University’s Genomic Applications
Laboratory, Ein Kerem on an Illumina MiSeq instrument, using
the v2 2 x 150 kit.

Sequence analysis

Sequence reads were filtered and bacterial abundances were es-
timated using SMUREF, an algorithm developed by the authors to
combine multiple sequence reads for high-resolution microbial
community profiling (15, 16). As described previously (17), raw

Table I. Summary of samples

reads were filtered if either: (i) Phred score was less than 30 in
more than 25% of nucleotides; or (i7) more than 3 nucleotides had
a Phred score of less than 10; or (iif) a read contained 1 or more
ambiguous base calls (e.g. ‘N’). Unique reads with low counts
were discarded. Reads were matched to k-mers per amplified
region. Bacterial abundances were estimated using the expecta-
tion-maximization algorithm. Taxonomy was assigned for each
reconstructed amplicon based on Greengenes taxonomy (18). In
cases when taxonomic information was missing or incomplete,
Ribosomal Database Project (RDP) Sequence Match engine (19)
was used to assign taxonomy. The 5R package used for SMURF
reconstruction can be accessed at http://doi.org/10.5281/zeno-
do.3740525 and curated Greengenes 16S rRNA sequences and
their taxonomy appear in Table S3 of Nejman et al. (16).

Statistical analysis

All statistical tests were performed in R (20) using vegan (21) and
phyloseq (22) packages. Permutational Multivariate Analysis of
Variance Using Distance Matrices (PERMANOVA) was used to
assess significance between groups on beta-diversity indices and
was carried out using the adonis command with 999 permutations.
Relative abundance of highly abundant species and of Shannon
diversity was topographically mapped using i/i (23).

RESULTS

Sample description

This study analysed 1,649 samples from 12 healthy in-
dividuals totalling 275,600,825 Illumina MiSeq 300 bp
reads. These were rarefied to 5,800 reads per sample and
23 samples were excluded from further analysis, as they
contained fewer than 5,800 reads. Samples were grouped
into categories by anatomical sites for a number of the
analyses presented below. A summary of samples analysed
for this study is shown in Table I.

Facial sites harbour different microbial communities.
Initially, samples were grouped into 9 different sites;
cheek, chin, eyelid, forehead, lips (perioral skin), mouth
(representative sample from the oral cavity), nose, nostril
and upper lip (philtrum). Community composition of
all sites consisted of the same bacterial families, yet
with significant differences observed in their relative
abundance (Fig. 1A and Fig. S1'). Propionibacteriaceae
dominate in forehead (55%), cheek (48%), chin (41%),
nose (53%), upper lip (46%) and lip (37%). Eyelids and

https://doi.org/10.2340/00015555-3929

Sampling site M1 M2 M3 M4 M5 M6 F1 F2 F3 F4 F5 F6 Mean
Cheek 36 44 62 62 58 53 50 74 76 61 41 66 57
Chin 16 11 8 12 18 0 14 9 8 8 13 8 10
Eyelid 2 2 2 2 3 1 2 2 2 2 2 2 2
Forehead 31 23 32 47 46 56 36 47 42 39 40 34 39
Lip 7 6 6 6 12 0 4 4 3 5 8 8 6
Mouth 1 1 1 1 1 0 1 1 1 1 1 1 1
Nose 18 20 16 18 20 8 12 13 14 17 9 14 15
Nostril 1 1 1 1 1 0 1 1 1 1 1 1 1
Upper lip 4 2 6 2 4 4 8 2 5 4 6 8 5
Total 112 108 128 149 159 118 120 151 147 134 115 134
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Fig. 1. Topographical diversity of the human skin facial microbiome by site. (A) Pie charts of mean community composition of 8 different facial
sites, according to sex. (B) Violin plot of Shannon diversity metrics of facial sites. (C) Principal coordinate analysis of Bray-Curtis dissimilarities, coloured
by facial region. Alpha diversity, beta-diversity and community composition differs from one facial region to another.

nostrils harboured higher amounts of Streptococcaceae
(16% and 36%) than other sites and Staphylococcaceae
were more abundant in the mouth (19%) and nostril (13%)
than in other facial sites. Shannon diversity profiles across
all sites were different (Fig. 1B) and clustered separately
on principal coordinate analyses (PCoAs) of Bray-Curtis
distance matrixes when examined on both a cohort and
individual level (»=0.001, Fig. 1C and Fig. S2B!). The
lips, eyelid and mouth harboured the most diverse micro-
bial populations and differences between these sites and
other sites were most pronounced on an individual and
cohort level (Figs 1B, 2A, B, and Fig. S2B!"). Of the most
abundant species in the current study, S. mitis localization
to the lips and surrounding area was the most striking (Fig.
2A). Facial microbial communities were similar between
sexes, with slight variations in relative abundance and
Shannon diversity (Fig. S31).

Interpersonal variation in the facial skin microbiome. In-
terpersonal variations in the composition of the skin facial
microbiome were pronounced across all sites (Fig. 3A).
Samples from individuals clustered together when exami-
ning all sites together, as well as when separated by sites
(PERMANOVA: p=0.001). This could also be observed
when looking at Shannon diversity, which showed signifi-
cant variations in community diversity between individuals
across all sites (Fig. 3B), with Shannon diversity within

individuals more constant than between sites (Fig. 3B and
Fig. S2B"). Skin microbiome similarity between individuals
on certain sites was not replicated on other sites (Fig. S41).
Whereas C. acnes and S. epidermidis were the dominant
constituents of the skin microbiome between all individu-
als, the next-most-abundant species differed between all
individuals in the study cohort and ranged from species in
the Corynebacterium, Lactobacillus, Lactococcus, Micro-
coccus and Delftia genera (Figs 2A and 3C).

DISCUSSION

This study is the first to characterize and map the skin
microbiome in high-definition over a defined area of the
human body. Novel insights include the relative unifor-
mity of the skin microbiome within anatomical sites, and
even between certain physiologically similar sites. This
may be of clinical importance, as it was observed that car-
riage of S. aureus was not confined to the nares, yet was
distributed across most of the face. The study identified
which habitats were more diverse than others, which is
an important observation for cosmetics and dermatology,
as the stability of the microbial community may hinge
on its diversity. Finally, this study recaptured previous
observations of interpersonal variability, yet further
honed this observation by identifying that the third-most
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Fig. 2. High-resolution topographical diversity of the human skin facial microbiome. (A) 3D Topographically mapped relative abundance of most
abundant species on each individual showing site-specificity of certain bacteria and individual-specificity of other bacteria. (B) Heatmap of mean Bray
Curtis distances between sites revealing eyelids and lips as most dissimilar from other sites.

abundant species varies widely between individuals. This
observation can be used for forensics or to personalize
treatments and skincare applications.

Following the advancement of technology to enable
skin microbiome characterization, a landmark study was
published describing temporal stability, biogeographical
differences and interpersonal variability of the skin micro-
biome (10). As this was the seminal paper on the subject,
it gave rise to a plethora of studies that further refined
the observations, including a higher definition look at the
temporal stability of the human microbiome, first by further
granulation of time (24) and subsequently using more
informative methodologies (25). This granulation was not
attempted with regards to topographical diversity, despite
the skin’s singular status as the largest epithelial surface in
the human body for interaction with microorganisms (26).
Skin microbiome surveys have largely used 1 of the 19
well-characterized and clinically relevant sampling sites.
Other human habitats, including the oral cavity (27) and
the lung (28), have been characterized to the micron level,
revealing novel and intriguing community characteristics.
The accessibility of the skin, coupled with its importance
in a range of disciplines, including health, cosmetics, skin
care and forensics necessitates a finer understanding of the
topographical microbial gradients of the skin.

Previous skin microbiome surveys have used a cotton-
or rayon-tipped swab soaked in NaCl-Tween solution to
sample the skin microbiome. This follows the conclusion
by Grice et al. (29) published over a decade ago, recom-
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mending the aforementioned technique as it is gentle and
involves no discomfort to the volunteer. They showed
similar microbiome community profiles when using 3
separate sampling techniques surveying different depths
of the skin. Notable exceptions to this methodology exist,
including those specifically looking to profile the subepi-
dermal compartments of the skin (30). The aforementioned
technique did not fit the requirements of the current study,
as it did not allow for side-by-side, clearly marked samp-
ling over an entire surface without any time-lapse between
sampling sites. Therefore, supported by the knowledge
that skin-surface sampling methods provide similar results
compared with one another, we chose to simultaneously
apply D-Squame Sampling Discs over the entire sampling
site to capture the entirety of the region being studied. Of
note, this method most closely represents the adopted swab
method, as it does not involve the use of a blade or punch-
biopsy to scrape or cut deeper layers of skin.

In an effort to obtain the highest resolution micro-
bial resolution, the Short MUItiple Regions Framework
(SMURF) was applied, which amplifies several short
regions along the 16S rRNA gene and then computation-
ally combines their results to a single coherent profiling
solution. SMURF solves a convex optimization problem
resulting in the most likely mixture of bacteria that gave
rise to the given set of reads from different regions.
SMUREF can be applied to any number of regions in a “mix
and match” fashion, especially using any combination
of common primer pairs (e.g. VI-V3, V3-V5, V4, etc.).
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Fig. 3. Individual specific skin microbiome signatures. (A) Principal coordinate analysis of Bray-Curtis dissimilarities, coloured by individual on
all sites (upper panel) and broken down by site (lower panel). (B) Shannon Diversity metrics, by site. (C) Heatmap of most abundant species (without
Cutibacterium acnes and Staphylococcus epidermidis). These figures demonstrate the high variability between individuals.

The standard experimental procedure therefore remains
unchanged, and the experimentalist simply selects any set
of regions. The de facto amplicon length of SMURF is the
total length across amplified regions, which significantly
increases the phylogenetic resolution. For this study, 5
short regions along the 16S rRNA gene, each of length
160-240 bp, were amplified in multiplex, as described in
Nejman et al. (16).

The current high-resolution study of the facial skin
microbiome recaptured previously reported observations
of the skin microbiome, including that of interpersonal
variability and topographical or physiological influences
on the skin microbiome (11, 31, 32). It added to the afore-
mentioned observations by expanding our understanding
of the fine-scale topographical changes on the facial
microbiome, specifically of those on the orifices located
on the face. These habitats are distinct from other skin
habitats, as they bridge between other bacterial niches
and that of the skin. Of additional note, cosmetics, skin
care products, and other products are often applied to
these areas, each of which can contribute to the composi-
tion of the skin microbiome. The localization of S. mitis
to the area surrounding the mouth is consistent with the
long-held knowledge that S. mitis is an oral microbe (33),
and its existence on the perioral skin may be transient,
as opposed to proper colonization of the area. S. aureus,
the major skin pathobiont, is known to colonize a small

subset of the population, and it is thought that the nares
serve as its reservoir in these individuals (34, 35). Our
topographically mapped data indeed showed that S.
aureus colonized a small subset of the current study co-
hort (n=2), yet colonization of the face is widespread in
these individuals and is not limited to the nares or nostrils
(Fig. 2A), suggesting that colonization by S. aureus is not
limited to the nares. The observation that the third most
abundant species on the face is highly individualized is in-
triguing, as it can potentially be used as a forensic marker
or as a marker to better understand the lifestyle products
and processes that contribute to the composition of the skin
microbiome. This observation warrants further exploration
in a larger cohort. Finally, intra-site community similarity
is striking across all sites and individuals, pointing to the
biogeographical uniformity of the skin microbiome when
viewed in high-definition. A limitation to the current study
is the small cohort (r=12), which was partially offset by
the large number of samples taken from each individual.

In conclusion, topographical distribution of the skin
microbiome reflects the complex interplay of host physio-
logy and the exposome. Studies establishing baseline
characteristics of different skin sites have been instrumental
for future studies of the skin microbiome in both health and
disease, yet their scale was limited. We characterized the
high-resolution biogeographical distribution of the facial
skin microbiome and uncovered a number of novel observa-
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tions, including the localization of S. mitis to the perioral skin,
the widespread colonization of S. aureus on facial skin of S.
aureus carriers, the high diversity of the eyelids and lips, and
the strong interpersonal differences of the skin microbiome
in the current cohort. Importantly, the within-site distribu-
tion of bacteria on the human face is observed across all sites
and members of our cohort, suggesting that minute changes
in skin structure and physiology do not affect the composi-
tion of the microbiome. This information can be used in a
number of fields, and it is our hope that this methodology
will be repeated on other anatomical sites, leading to a
complete high-resolution map of the skin microbiome.
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