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MOTIVATION The prevalence of skin diseases warrants the development of reproducible models to inves-
tigate factors influencing skin health. While recent efforts have focused on the human skin construction, less
attention has been given to the skin microbiome, despite the growing evidence of its influence on health and
disease. Our model of a reproducible synthetic skin microbial community (SkinCom) allows for culture- and
sequencing-based investigations of microbe-compound, microbe-host, and microbe-microbe interactions.

SUMMARY

Existing models of the human skin have aided our understanding of skin health and disease. However, they
currently lack a microbial component, despite microbes’ demonstrated connections to various skin diseases.
Here, we present a robust, standardized model of the skin microbial community (SkinCom) to supportin vitro
and in vivo investigations. Our methods lead to the formation of an accurate, reproducible, and diverse com-
munity of aerobic and anaerobic bacteria. Subsequent testing of SkinCom on the dorsal skin of mice allowed
for DNA and RNA recovery from both the applied SkinCom and the dorsal skin, highlighting its practicality for
in vivo studies and -omics analyses. Furthermore, 66% of the responses to common cosmetic chemicals
in vitro were in agreement with a human trial. Therefore, SkinCom represents a valuable, standardized tool
for investigating microbe-metabolite interactions and facilitates the experimental design of in vivo studies

targeting host-microbe relationships.

INTRODUCTION

Human skin, the body’s largest and most exposed organ,
hosts a diverse microbiota critical for defense against micro-
bial pathogens and other skin pathologies.'™ Disruptions to
the skin microbiome can lead to diseases, such as acne vul-
garis, atopic dermatitis, and seborrheic dermatitis. Further-
more, the application of topical products, including makeup,®
deodorant,” and various skincare remedies, can alter the mi-
crobiome’s composition and diversity for weeks.® Under-
standing the impacts of skin microbiome dysbiosis, such as
through skincare products and their ensuing effects on skin
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health, supports the development of personalized skin treat-
ment regimens.

The composition of the skin microbial community is influenced
by various microenvironmental factors, such as pH, tempera-
ture, moisture, oxygen availability, and topography.®~'" Microbi-
al interactions and intercellular metabolite exchanges play a
crucial role in shaping the community’s structure and func-
tion.>'"'? Research on the human skin microbiome in
disease states or in response to chemicals has improved our
understanding of its role in skin health and facilitated targeted
intervention studies.®"'® However, the highly individualized na-
ture of the skin microbiome, with variations in the distribution
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and gene expression profiles of identical microbes between indi-
viduals, %718 often complicates cross-study comparisons.

Establishing a model of the skin microbiome could enable
reproducible studies of complex metabolite-microbe, microbe-
microbe, and host-microbe interactions that govern skin
health. However, standardized studies of the skin microbiome
are severely hampered by the lack of reproducible in vitro sys-
tems.'®*° Despite dynamic modifications by external and inter-
nal factors, documentation of the skin microbiome composition
across different body sites and time points reveals that it
is largely represented by a select few resident microorgan-
isms."'%'® The recent advent of reconstructed human epidermis
models capable of capturing certain physiological complexities
of skin, such as Epiderm, Labskin, and NativeSkin, has aided
studies on microenvironmental regulation of microbial commu-
nity structure.?’ > Moreover, previous work by Uberoi et al. con-
structed a synthetic skin community with 6 species of bacteria
from 3 genera.29 However, it lacks the anaerobic Cutibacterium
genus, which is abundant on the human skin.'%'®2° Therefore, a
robust standardized bacterial community for probing the
community dynamics of the skin microbiome is still lacking.

In this study, we developed a nine-species bacterial synthetic
community to represent the average human skin microbiome
(SkinCom). This community was constructed using an auto-
mated, programmable microfluidic device employing piezo-
electric technology for dispensing pico-liter droplets at nano-
scale accuracy.®' This method ensures that communities are
defined by the number of cells at assembly time, yielding
highly reproducible results. The approach supports high-
throughput in vitro community generation, allowing for the study
of many replicates quickly and cost effectively. We assembled
SkinComs from five starting inoculum proportions and used
shotgun metagenomic sequencing to analyze community
composition and diversity.

After establishing the reproducibility of SkinCom in vitro, we
then assessed the incorporation of the SkinCom into existing
in vivo systems, specifically a murine epicutaneous model and
human skin swab studies. In the murine epicutaneous model,
the SkinCom was applied onto the shaved dorsal skin of CD1
mice, with DNA and RNA recovered 3 days post-incubation
and aspects of host skin barrier integrity investigated. In the hu-
man trial, we explored SkinCom’s growth, diversity, and compo-
sition change in the presence of cosmetic chemicals, comparing
in vitro differential abundance results with those from a human
trial involving skin applications of the same chemicals. This study
thus establishes a model SkinCom suitable for both in vitro and
in vivo investigations, demonstrating its utility in assessing the
impact of chemical perturbations on the skin microbiome.

RESULTS

Selection and growth characterization of SkinCom
species

The composition of the skin microbiota varies significantly
across body sites and among individuals, ' ' yet it is typically
dominated by a few microbial genera.'®'® To model this diver-
sity, we constructed a synthetic skin microbial community
(SkinCom) comprising eight bacterial species most frequently
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found across human skin’: Corynebacterium afermentans
(ATCC 51408, strain CIP 103499 [LCDC 88199)), Cutibacterium
acnes (ATCC KPA171202), Micrococcus luteus (ATCC 4698),
Staphylococcus capitis (ATCC 27840, strain LK 499), Staphylo-
coccus epidermidis (ATCC 12228), Staphylococcus hominis
(ATCC 27844, strain DM 122), Staphylococcus warneri (ATCC
27836, strain AW 25), and Streptococcus mitis (ATCC 49456,
strain NCTC 12261). Given its profound significance in human
health and disease, we also included Staphylococcus aureus
(ATCC 35556, strain SA113)."%"5%27%5 Each type strain was
initially cultured in a complex nutrient-rich media (brain-heart
infusion [BHI]) at 37°C in the presence of oxygen except for
C. acnes, which required cysteine-reduced medium in Hungate
tubes due to its anaerobic nature. Upon reaching late log phase,
cultures were diluted to an optical density (ODggg) of 0.065 and
arrayed into 96-well plates using a pico-liter printing microfluidic
device. Plates were incubated at 37°C in the presence of oxygen
(oxic) or in the anaerobic chamber (anoxic) (Figure 1A).

We monitored the growth rate of each species over 144 h
through optical density measurements. Although the surface of
the skin is exposed to oxygen, the varying oxygen availability
throughout the skin layers allows for anaerobic growth, exempli-
fied by C. acnes.”*® We therefore tracked the growth rates of
each SkinCom member under both oxic and anoxic conditions
(Figure 1B). In oxic conditions, all species, except C. acnes
and S. mitis, achieved a maximum ODggg above 0.2. Conversely,
in anoxic conditions, all except M. luteus surpassed an ODggq of
0.3, with S. warneri showing the highest growth in both environ-
ments. The lowest growth under oxic and anoxic conditions was
observed for C. acnes and M. luteus, respectively. Growth rates
were determined using the Growthcurver R package for each
species.*®

Determining media conditions for SkinCom diversity
After assessing the growth rate of each species individually,
we proceeded to combine them into a synthetic community.
This step aimed to foster reproducible growth while maximizing
the community’s diversity, ensuring that no single species
would dominate. To achieve this, each species was grown to
ODggo = 0.065 and then mixed with one another in a 1:1 ratio,
forming an equally mixed (EM) community. Using a Scienion
CellenONE liquid printer, known for its precision in dispensing
400 pL droplets, we added 200 droplets of each standardized
culture to a 96-well plate containing 200 pL of either 0.1x or
1.0x BHI media (n = 8). Consequently, each destination well
comprises 200 pL of media and 80 nL of the mixed bacterial iso-
lates (200 drops of 400 pL). For negative controls, 80 nL of sterile
BHI was added to separate wells (n = 8). The plate was incubated
for 5 days at 37°C oxically without shaking.

ODggo readings demonstrated consistent growth patterns
within technical replicates but revealed a distinction between
communities grown in 1.0x and 0.1x BHI media (Figure 2A).
Specifically, in the 1x BHI media, ODgg rose sharply within
the initial 10 h, followed by a rapid reduction and subsequent sta-
bilization of growth levels between 48 and 118 h. Conversely,
communities in the 0.1x BHI medium exhibited a lesser peak
ODgoo, maintained a steady ODggg from 24 to 48 h, and then
gradually declined thereafter.
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Figure 1. Experimental design and growth curves of SkinCom species

(A) Bacterial species were selected to represent various microenvironments throughout the human body. Type strains were obtained from ATCC and cultured
oxically, with the exception of C. acnes (anoxically). Cultures were then diluted to ODggo = 0.065 and arrayed into a 96-well plate using the pico-liter printing
microfluidic device. One plate was incubated at 37°C in the presence of oxygen, and another was incubated at 37°C in the anaerobic chamber (see STAR

Methods).

(B) Growth of each species under aerobic and anaerobic conditions measured by ODgq (1 = 4). Strains were grown in 200 pL of 1x BHI medium. Oxic and anoxic
growth was monitored for 144 and 140 h, respectively. Data are represented as mean + SEM.

Following the assessment of growth rates and the establish-
ment of the SkinCom, we proceeded to analyze its composition
and diversity through shotgun metagenomic sequencing after
118 h of growth (n = 4 per condition). This approach sought to
quantify the alpha-diversity within our synthetic communities
using the Shannon diversity index as a measure. Contrary to
expectations based on prior studies with synthetic microbial
communities from soil, where diluted media contributed to
increased diversity,>’ we found that SkinComs grown in 0.1x

BHI had significantly lower diversity than those grown in 1x
BHI (Figure 2B). This discrepancy underscores a unique
response of skin microbial communities to environmental condi-
tions, differing from soil-based counterparts.

Further analysis employing the Bray-Curtis distance between
samples highlighted the significant compositional differences
between the 0.1x and 1x BHI communities (Figure 2C). Despite
these variations in diversity and composition, sequencing data
confirmed the presence of all intended isolates within both
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Figure 2. Determining the effect of the media
condition for equal-mix SkinCom based on
optical density and diversity

(A) ODgqo readings of communities grown in 1x or
0.1x BHI under anaerobic conditions (n = 8 per
condition). Readings were taken every 5 h. Data are
represented as mean + SEM.

(B) Shannon diversity index of 1x and 0.1x BHI
communities at 120 h (n = 4 each) (Student’s t test,
p < 0.0001).
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sets of SkinComs, indicating successful community assembly
(Figure 2D). Strikingly, when C. acnes was cultivated axenically,
no growth occurred, as expected for this anaerobic bacterium
(Figure 1B). However, when grown in the SkinCom, we were
able to detect its presence. Importantly, metagenomic results
confirmed the ability of C. acnes to proliferate in an oxic setting,
likely facilitated by oxygen consumption by aerobic members of
the SkinCom. Given these insights and the superior diversity
observed in 1x BHI cultures, we decided to carry out all subse-
quent experiments under aerobic conditions using 1x BHI.

Optimizing community diversity by altering the starting
inoculum

Building on previous work with a rhizosphere synthetic commu-
nity, which showed that the alpha-diversity in the community
could be enhanced by adjusting the starting ratios of
individual microorganisms,®' we explored this concept with the
SkinCom. We generated community inocula with four distinct
starting ratios and then compared the experimental setups to
the standard EM SkinCom configuration. The design of these
varied ratios generally intended to balance the community by
incorporating fewer fast-growing and more slow-growing micro-
organisms, based on earlier growth curves (GCs) of isolates (Fig-
ure 1). Specifically, we employed a 2x cutoff to categorize mi-
croorganisms as either fast or slow growers and a 3x cutoff to
further distinguish them into fast, moderate, and slow cate-
gories. Additionally, we adjusted the starting proportions based
on the GC’s slope (GCS) and the time to reach the midpoint of
growth (GCT) for each microbe, adding further precision to com-
munity assembly (Figure 3A).%° The absolute and relative propor-
tions of the inocula are shown in Figures 3A and 3B. Details about
the assembly of the community are provided in Table S1.
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Species

. Staphylococcus hominis

(C) Principal-component analysis (PCA) of Bray-
Curtis distance of 1x and 0.1x BHI communities
(n = 4 each) (PERMANOVA, p = 0.032).

(D) Relative abundance of 1x and 0.1x BHI com-
munities (n = 4 each) at 118 h determined by
shotgun metagenomic sequencing (see STAR
Methods).

D Corynebacterium afermentans
. Cutibacterium acnes
Micrococcus luteus

Staphylococcus aureus

. Staphylococcus capitis

We experimented with four distinct
starting ratios—2x, 3x, GC slope
adjusted (GCS), and GC time adjusted
(GCT)—and compared them to the stan-
dard EM configuration. Our goal was
to create a more balanced community,
potentially mimicking the natural diversity
and resilience of the skin microbiome
more closely. Upon culturing these adjusted communities under
identical conditions to the EM setup, we observed that while the
EM community initially showed the highest growth peaks in both
diluted (0.1x) and standard concentration (1x) BHI media, all
configurations eventually converged to similar final optical den-
sities (ODggo) after a 120 h growth period (Figures 3C and 3D).
Of note, the GCS community had the lowest maximum ODggg
in diluted media but the second highest in standard media,
indicating that adjustments based on the GC slope might favor
resilience or adaptability in nutrient-rich environments. On the
other hand, the 2x community, designed with a simple fast/
slow grower distinction, had the lowest ODggo in 1x BHI but
the second highest in 0.1x BHI. Diversity analysis revealed sig-
nificant differences among the communities, with the EM setup
maintaining the highest alpha-diversity, followed in descending
order by GCS, GCT, 3x, and 2x configurations (Figure 3C).
Bray-Curtis dissimilarity analysis, which quantifies the composi-
tional difference between communities, confirmed significant
variations between the communities grown in diluted versus
standard BHI media (Figure 3D).

In selecting a SkinCom for subsequent experiments, we
considered both the alpha-diversity and stable taxonomic
composition of the communities. Notably, every community
facilitated significant growth of C. acnes, the most abundant
microbe on human skin. Principal-component analysis, using
Bray-Curtis distance, revealed that the 1x EM and 1x GCS
communities cluster distinctly from the other groups (Figure 3E).
In particular, the EM community in 1 X BHI had the highest alpha-
diversity and contained the highest abundance of S. aureus
among all communities (Figure 3F). S. aureus is a common
source of skin infections and has been associated with skin dis-
eases such as atopic dermatitis.’*'%*?°° Despite its rapid

]:] Staphylococcus epidermidis

. Staphylococcus warneri
_J Streptococcus mitis
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Figure 3. Growth, diversity, and composition of SkinComs with varied starting ratios

(A) Absolute abundance, i.e., number of droplets added (0 h) of each starting ratio. See also Table S1.

(B) Relative abundance of droplets added (0 h) of each starting ratio.

(C and D) Growth profile of communities from different starting ratios (n = 8 per condition) in (C) 1x BHI and (D) 0.1x BHI. Communities were grown aerobically in
200 pL of liquid BHI, non-shaking, at 37°C. Data are represented as mean + SEM.

(E) PCA of Bray-Curtis distances between communities in 1x and 0.1x BHI.

F) Shannon diversity index of communities grown in 1x and 0.1x BHI (n = 4 per condition).

(
(G) Relative abundance (normalized to RPKM) of communities at each ratio grown in 0.1x and 1x BHI.
(H) Relative abundance (normalized to RPKM) of GCS communities grown in 1x BHI (n = 4).

growth to peak ODggg in 1Xx BHI, the EM community’s ODggg
then fell sharply, indicating a swift population decline. Conse-
quently, we considered the community with the second-highest
diversity, i.e., GCS, for downstream experiments. The GCS com-
munity showed significantly lower presence of S. aureus
compared to the EM community, maintained a higher ODgqo at
the end of the growth period, and showed excellent reproduc-
ibility of community composition across replicates (Figures 3H
and S4). Therefore, our next studies will focus on the GCS com-
munity in 1x BHI, given its balanced diversity and stable growth
characteristics.

SkinCom application in murine epicutaneous model

Our ability to fine-tune the composition of the SkinCom opens
doors to more complex studies, such as those involving in vivo
models. We therefore investigated if the SkinCom could be suc-

cessfully incorporated into an existing epicutaneous murine
model, aiming to recover both DNA and RNA following skin
application in vivo to enable researchers to pose functional ques-
tions in future studies.®” The study involved applying the
SkinCom onto the dorsal skin of 8-week-old female CD1 mice
for 3 days.®®*° We grouped five mice each to receive the
SkinCom with either no S. aureus, low S. aureus (10? colony-
forming units [CFUs]/mL), medium S. aureus (10* CFUs/mL),
or high S. aureus (108 CFUs/mL). We choose varying concentra-
tions of S. aureus cells to demonstrate the suitability of the
SkinCom for skin disease research, i.e., atopic derma-
titis.'* 1592735 Skin microbiome swabs were collected from the
dorsal skin and processed for metagenomics and metatran-
scriptomics library preparations.*® We successfully recovered
DNA and RNA from the SkinCom species and the mice skin mi-
crobiome (Figure 4). Additionally, no bacterial growth was
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Enterococcus faecium Staphylococcus gallinarum
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Lactobacillus murinus Staphylococcus saprophyticus
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Figure 4. SkinCom application and recovery of DNA and RNA from a murine epicutaneous model

Relative abundances of SkinCom and murine skin microbiome after 3 days of SkinCom application on CD1 mice (n =5 x 4 groups). Gray represents species not
included in the SkinCom; neg = no SkinCom, low = 10?2 CFUs/mL per SkinCom species, med = 10* CFUs/mL per SkinCom species, high = 10° CFUs/mL per
SkinCom species. Dashed box indicates insufficient reads from metatranscriptomics sequencing due to low RNA recovery.

detected in collected blood, indicating that the SkinCom patch
application did not cause systemic infection (Table S2). This
result establishes that we can fine-tune the SkinCom inoculum
to study the effects of defined microbial populations, apply it
to an in vivo murine model, and recover DNA and RNA from
both the SkinCom and resident mouse microflora up to 72 h
post-application.

Effect of cosmetics chemicals on SkinCom

Next, we deployed the GCS community to assess the impact of
chemicals commonly found in cosmetics on skin microbes and
their resilience to exogenous elements. Investigations into the
skin microbiome have highlighted its significance in skin health
and dermatological conditions, alongside extensive studies on
the effect of skin cosmetics on the microbiome.®*'**> However,
there is no standardized methodology for evaluating the effects
of skincare compounds on the microbiome. We therefore tested
the ability of the in vitro SkinCom to predict potential impacts of
these compounds on in vivo skin microbes, potentially providing
a rapid and cost-effective approach for the prioritization of new
skincare products.

We exposed the GCS SkinCom to four chemicals prevalent in
skin and personal hygiene products: sodium lauryl sulfate (SLS;
also known as sodium dodecyl sulfate), sodium lauryl ether sul-
fate (SLES), a rhamnolipid (RL; i.e., RHEANCE), and creatine
(Crt) (Figure 5A).***" SLS, an anionic detergent known for its
cleansing properties in soaps and shampoos, is often used as
an irritant in contact dermatitis models.*® SLES, another anionic
detergent, is considered milder than SLS but can still cause skin
irritation.** RLs are a class of surfactants produced in various
forms by a variety of bacteria, notably Pseudomonas aerugi-
nosa.*® They are typically considered less toxic, more biode-
gradable, and more environmentally friendly than detergents
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such as SLS and SLES.“® Crt, a naturally occurring compound
involved in cellular energy homeostasis, is believed to enhance
skin cell health and reduce wrinkles when applied topically.*’
To examine these compounds’ effects in vitro, we introduced
each chemical to the SkinCom in different concentrations (w/v;
see STAR Methods), at the start of growth (0 h) or after 24 h, to
mimic exposure to an established skin microbiota (Figure 5B).
The treated SkinComs were incubated for 72 h before undergo-
ing shotgun metagenomic sequencing.

Optical density measurements revealed that all concentra-
tions of SLS inhibited all further microbial growth both at
inoculation and 24 h post-inoculation, even at the lowest
concentration of 0.05%. SLES and RL showed a dose-depen-
dent inhibition of microbial growth when added at inoculation,
with SLES demonstrating a stronger inhibitory effect than RL
(Figures 5C and 5D). Both SLES and RL halted further microbial
growth with a 5% treatment at 24 h, while the 0.5% treatment
had only mild effects. Crt treatments did not significantly alter
the growth profile of the SkinCom, with slight reductions in
0.01% Crt compared to 0.1% Crt at 24 h, but these changes
were not statistically significant.

Further investigation focused on the effects of SLES and RL,
as these allowed for substantial community growth in a dose-
dependent manner at both time points. Through shotgun meta-
genomic sequencing of the SkinCom at 72 h post-treatment,
then comparing the reads per kilobase million (RPKM) for
communities treated with a compound to the RPKM of untreated
communities, we identified microorganisms whose relative
abundance changed upon exposure to these compounds.
SLES and RL at 0.5% led to a notable shift in community compo-
sition, particularly a decrease in C. acnes and S. aureus (Fig-
ure 5E). The alterations were more pronounced for SLES added
at 24 h compared to at 0 h. On the other hand, the decreases in
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Figure 5. Effect of skin product compounds on SkinCom growth and composition

(A) Compounds used in the experiment: sodium lauryl sulfate (SLS), sodium lauryl ether sulfate (SLES), rhamnolipids (RLs), creatine (Crt).

(B) Timeline of the experiment. Compounds were added at either time of inoculation (0 h) or 24 h post-inoculation; the addition of compounds is indicated by a red
arrow. Compounds were added in different concentrations (w/v) (n = 4 per condition).

(C and D) SkinCom growth in the presence of compounds either (C) added immediately upon SkinCom assembly or (D) at 24 h post-assembly as measured by
ODeoo. For each plot, the compound addition time is depicted by a black arrow. The growth profile of the SkinCom without additions (SkinCom only; blue line) is
provided on each plot for reference. Data are represented as mean + SEM.

(E) Changes in SkinCom taxonomic composition in the presence of SLES and RLs as determined by shotgun metagenomic sequencing. RPKM of the indicated
compound at 0.5% concentration, added at 0 or 24 h, is plotted against RPKM of the SkinCom only (no compound added). The blue line represents a linear
regression of the community comparison, with a 95% confidence interval indicated by the shaded gray area. RPKM is averaged between the four replicates for
each condition.

See also Figure S1.

C. acnes and S. aureus were consistent regardless of the timing  subject study to investigate the impact of cosmetic ingredients,
for RL application (0 or 24 h). The composition changes observed  specifically RL and SLES, on the skin microbiome of the fore-
with RL were similar to the changes observed with SLSand SLES  head. This trial aimed to gather preliminary data and offer initial

(Figure S1). insights into SkinCom'’s relevance to human skin. Our cohort

consisted of 13 individuals, five of whom applied SLES and eight
Responses of SkinCom and human skin microbiome to applied RL to one side of their forehead for 30 s twice a day (see
cosmetic compounds STAR Methods). As a control, subjects additionally applied a

To assess how the outcomes from the in vitro trial align to obser-  cotton round soaked with water to the opposite side of their fore-
vations of the human skin microbiome, we conducted a human  head. Swabs were collected from the forehead on days 4 and 7
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Figure 6. Summary of average differential abundance analyses be-
tween SkinCom and human trial

Changes after compound applications in vitro and in vivo (human trial: day 4 or
7). For the in vitro experiment, SLES and RLs were tested at 0.5% and 5% for
3 days. For the human trial, both SLES and RLs were tested at 3% for 4 or
7 days. Skin swabs were collected prior to chemical applications and 4 and
7 days post-chemical applications. Gray: average differential abundances of
samples with control is larger than that of chemical treatment; pre-treatment
species are more abundant than post-treatment (t-statistics is negative). Blue:
average differential abundances of samples with chemical treatment is larger
than that of control; post-treatment species are more abundant than pre-
treatment (t-statistics is positive). *p < 0.05. Corynebacterium afermentans is
used as the denominator for the log ratio test.

See also Tables S3-S8.

for shotgun metagenomics analysis, processed following estab-
lished protocols,>**°

From the in vitro study, we conducted a differential abundance
analysis to determine the changes in abundance of each
SkinCom species in relation to a reference species.*® We observed
a significant reduction in C. acnes, S. aureus, and S. mitis (t-statis-
tic < 0 and p < 0.05) and a significant increase in S. hominis and
S. warneri from SLES treatment (t-statistic > 0 and p < 0.05)
(Table S3). For samples that received RL treatments, we observed
a significant reduction in C. acnes, S. aureus, and S. capitis and a
significant increase in S. epidermidis, S. hominis, and S. warneri in
RL treatment (Table S4).

For the human study, principal-component analysis revealed
individual variances, consistent with existing literature'®'""®
(Figure S3). For the SLES cohort, differential abundance showed
areduction in C. acnes, M. luteus, S. aureus, S. epidermidis, and
S. warneri on day 4 (Table S5) and a reduction in C. acnes and
S. mitis on day 7 (Table S6). Meanwhile, in the RL cohort, differ-
ential abundance showed a reduction in C. acnes, S. aureus, and
S. warneri on day 4 (Table S7) and a reduction in C. acnes,
M. luteus, S. hominis, and S. mitis on day 7 (Table S8). Note
that the only statistically significant change observed was for
S. epidermidis in the day 7 SLES cohort. No other changes
were statistically significant.
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Remarkably, an average of 66% of the shifts observed in vitro
were also seen in the human subject trial (Figure 6), suggesting
that the SkinCom can capture the majority of responses to
perturbation by topical exposure in the skin microbiome. The
breakdown is as follows: 62.5% agreement in the SLES group
on day 4, 87.5% agreement in the SLES group on day 7, 75%
agreement in the RL group on day 4, and 37.5% agreement in
the RL group on day 7.

DISCUSSION

The skin microbiome is a vital determinant for skin health, but its
study has been hampered by the low abundance of microbial cells,
its dynamic nature, and individual variability. In response, we
developed a model synthetic bacterial community (SkinCom) to
facilitate reproducible research into the skin microbiome. We opti-
mized the SkinCom for composition, diversity, and reproducibility
in vitro before applying it to an epicutaneous infection murine
model. This application demonstrated the model’s utility in recov-
ering metagenomic and metatranscriptomic data 3 days post-
application, underscoring its value in addressing in vivo skin micro-
biome studies, e.g., infectious disease onset and progression.
Furthermore, we explored the effects of common cosmetic com-
pounds on the SkinCom and compared these in vitro results with
those from a human subject trial. This comparison showed that
66% of the microbial changes observed in vitro were reflected in
the human study, suggesting that the SkinCom effectively models
skin microbiome responses to topical perturbations.

The SkinCom consists of nine bacterial species spanning five
genera most prevalent on the human skin.'®'® Using the ap-
proaches we developed, future studies could expand upon our
nine-member consortium to represent body-site-specific skin
microbiota. Furthermore, our methods allow for precise identifi-
cation of each community member through shotgun metage-
nomic sequencing. Most importantly, anaerobic C. acnes, the
most dominant microbe on human skin, proliferates in oxic
conditions when co-cultured with aerobic bacteria, likely due
to oxygen scavenging by the latter. We hypothesize that the
incubating conditions allowed the microbes to respire molecular
oxygen and thus create an oxygen gradient within each well, re-
sulting in reduced oxygen concentrations at the bottom of the
well. This oxygen scavenging by other microorganisms permits
the growth of the anaerobic C. acnes.*® This phenomenon and
the high alpha-diversity achieved in a nutrient-rich medium hint
at the natural adaptability of skin microbes to rich environments
found within skin microenvironments like hair follicles and seba-
ceous glands.®*®’

Our ability to adjust community proportions in the SkinCom
enables the simulation of varied skin microbiome profiles. This
feature is particularly useful for studying pathogens such as
S. aureus, associated with skin conditions such as atopic derma-
titis,'15%27%5 and assessing interventions designed at modu-
lating its abundance. Reducing the amount of S. aureus starting
inoculum based on its growth rate (GCS) resulted in a reduced
relative abundance of this pathogen in the final community,
akin to a healthy skin microbiome (Figure 3G). Moreover, our
ability to recover both DNA and RNA from the synthetic commu-
nity is uncommon due to colonization resistance®>*® but has
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been reported.®* Note that our findings are limited to recovering
human SkinCom from murine skin. Further expansion of the
SkinCom including different microorganisms is needed for future
investigations of microbe-microbe interactions in combination
with metagenomics or metatranscriptomics tools.

SLS, SLES, and RL are molecules routinely included in skin-
care products for their detergent or surfactant properties.
Treatment of the SkinCom with the detergent SLS prevented
all microbial growth even in very small concentrations, in agree-
ment with previous work on the harsh effects of SLS.*>°° Treat-
ment with SLES also inhibited community growth in our in vitro
setting, although to a lesser extent than SLS. This indicates
that although SLES is considered a gentler compound than
SLS, it still has an inhibitory effect on microbial growth. All three
compounds, i.e., SLS, SLES, and RL, caused similar changes in
community composition profiles (Figures 5E and S1), most
notably a decrease in the relative abundance of S. aureus and
C. acnes and an increase in S. warneri. Strikingly, C. acnes can
be both a commensal and pathogenic member of the skin com-
munity, depending on the virulence factors carried by the individ-
ual strains,®”-°® and further investigations are needed to confirm
the potential effect of Crt on skin health and the microbiome.

The utility for the SkinCom in studying human microbiome
responses was established by comparing in vitro SkinCom re-
sponses to in vivo skin microbiome changes after compound ap-
plications. While we observed 66% agreement between these
two studies overall, i.e., in vitro and in vivo, it is important to
note that these preliminary studies are of low statistical power
(n =13). Further explanations for discrepancies in absolute abun-
dance changes between the two study designs are outlined in
the limitations of the study section. Lastly, we recommend that
differential abundance analysis is conducted for future analyses
involving microbial abundance changes due to its ground-truth
value built into the dataset, either by the organism changing
the least or by including controls such as synthetic DNA.5%:°

In summary, the SkinCom presented here can serve as a
simplified model of the cutaneous microbiome, consisting of
both aerobic and anaerobic microorganisms typically found on
human skin and applicable in both in vitro and in vivo settings.
The high reproducibility of the SkinCom renders it a suitable
tool for studying the response of the skin microbiota to perturba-
tions, e.g., the effect of skincare compounds. Moreover, the
SkinCom can be applied in a murine model to study disease pro-
gression along with corresponding changes in microbial load.
Our results further present the first synthetic community for
human skin consisting of both aerobic and anaerobic skin bacte-
ria—together spanning five genera. We anticipate the SkinCom
and modifications thereof to be of broad use for the study of
the human skin microbiome, such as those investigating
genomic, functional, or metabolite dynamics.

Limitations of the study

There are limitations to the applications of our current SkinCom.
Because the SkinCom is composed of human skin bacteria
applied onto mice, our results are only directly applicable in
the context of this study. More development work, including
the inclusion of host data, is warranted to adapt current work
to address future in vivo skin microbiome and pathogen studies.
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The reported 66% agreement of the microbial changes in the
cosmetic compound studies were based on a limited number of
subjects (n = 13) and differential abundance analysis. Due to
such different experimental designs, results cannot be used
interchangeably. Some explanations for discrepancies in abso-
lute abundance changes between the two study designs are
the duration of the experiments, compound dosage, and, most
importantly, the varying degree of environmental exposure that
human subjects face during the 7 day trial period, as reports
have shown that in addition to cosmetics compounds, day-to-
day environmental exposures significantly contribute to changes
in the skin microbiome composition.°® Additionally, even
though the skin microbiome is generally considered stable
over time, natural temporal variations can occur over the course
of the study.'®'® These variations can also include strain-level
differences, which are currently not captured by standard
shotgun metagenomic approaches.®’ In contrast, the in vitro
study was carried out in rich medium, providing close to optimal
conditions for all bacteria. While these studies are thus not
directly comparable given these significant differences, the
SkinCom provides a highly reproducible tool for the study of
the skin microbiota and can provide initial hypotheses to be
tested in human trials.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

L-cysteine Sigma Aldrich Cat# 168149

hemin and vitamin K VWR Cat# 75803-006

Triton X-100 Sigma Aldrich Cat# X100-100ML

Sodium Lauryl Sulfate (SLS) https://corporate.evonik.com/en SLS

Sodium Lauryl Ether Sulfate (SLES) https://corporate.evonik.com/en SLES

Rhamnolipid (RL) https://corporate.evonik.com/en RL

Creatine https://corporate.evonik.com/en Creatine

Critical commercial assays

ZymoBIOMICS DNA/RNA miniprep kit Zymo Research Cat# R2002

Qiagen DNeasy PowerSoil Pro Kit Qiagen Cat# 47016

Qubit dsDNA, high sensitivity ThermoFisher Cat# Q32851

Nextera XT DNA Library kit lllumina Cat# FC-131-1096 and FC-131-2001
Deposited data

Sequences for in vitro experiment - This paper SRA: SUB14340232
assembly

Sequences for in vitro experiment - This paper SRA: SUB14340534
compounds

Sequences for in vivo experiment - mouse This paper SRA:

Sequences for in vivo experiment - human This paper SRA: SUB14347828
Experimental models: Organisms/strains

Corynebacterium afermentans: Strain ATCC ATCC: 51408, strain CIP 103499 [LCDC
background: ATCC 51403, strain CIP 88199]

103499 [LCDC 88199]

Cutibacterium acnes: Strain background: ATCC ATCC: KPA171202

ATCC KPA171202

Micrococcus luteus: Strain background: ATCC ATCC: 4698

ATCC 4698

Staphylococcus aureus: Strain ATCC ATCC: 35556, strain SA113
background: ATCC 35556, strain SA113

Staphylococcus capitis: Strain background: ATCC ATCC: 27840, strain LK 499
ATCC 27840, strain LK 499

Staphylococcus epidermidis: Strain ATCC ATCC: 12228

background: ATCC 12228

Staphylococcus hominis: Strain ATCC ATCC: 27844, strain DM 122
background: ATCC 27844, strain DM 122

Staphylococcus warneri: Strain ATCC ATCC: 27836, strain AW 25

background: ATCC 27836, strain AW 25
CD-1 mice

Charles River Laboratories

Strain code: 022

Software and algorithms

Trimmomatic (v0.36)
minikraken2

bowtie2 (v2.2.3)

phyloseq

GraphPad Prism 7 software

Bolger et al.®”

Wood et al.®®

Langmead and Salzberg®
McMurdie and Holmes®®
Swift®®

https://github.com/timflutre/trimmomatic
https://ccb.jhu.edu/software/kraken/
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REAGENT or RESOURCE SOURCE IDENTIFIER

trim_galore (version 0.6.4) Kreuger®” https://github.com/FelixKrueger/
TrimGalore

Web of Life database Zhu et al.®® https://www.web-of-life.es/

Other

Codes used to generate figures in this This manuscript https://doi.org/10.5281/zenodo.12659787

manuscript

Brain-Heart Infusion (BHI) Millipore Sigma Cat# 53286

Depilatory cream Nair www.naircare.com/en/products

Transparent film dressing (3M Tegaderm) 3M Cat# 1626

sterile cotton swabs Fisher Cat# 22-029-630

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by Dr. Karsten Zengler
(kzengler@ucsd.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

® For in vitro experiments, metagenomic reads from raw FASTQ files were processed with Trimmomatic (v0.36) to remove
adapters and trim low-quality base calls using the parameters “ILLUMINACLIP:NexteraPE-PE.fa:2:30:10 LEADING:10 TRAIL-
ING:10 SLIDINGWINDOW:4:15 MINLEN:36”.%? Trimmed reads were first aligned to the minikraken2 database to exclude
possible contamination from non-community organisms.®® Following this, trimmed reads were aligned to a custom database
of community strain genomes using bowtie2 (v2.2.3) using default settings and read counts were transformed into RPKM.*
Alpha- and beta-diversity was calculated in phyloseq.®® Beta-diversity plots were generated using phyloseq. Figures 2A-
2C, 3C-3F, 5C and 5D were generated using GraphPad Prism 7 software.®® New sequences have been deposited to
the Sequence Read Archive with submission numbers SUB14340232 and SUB14340534 and BioProject number
PRJNA1091705. For in vivo experiments, reads from raw FASTQ files were processed with trim_galore (version 0.6.4) to remove
adapters.®” Next, trimmed reads were aligned to a custom reference genome extracted from the Web of Life database®® using
bowtie2 (v2.2.3) using default settings and read counts were transformed into RPKM.®* All other plots were generated using R
Studio Version 2023.09.1 + 494. R packages necessary for analysis and visualization include tidyverse, dplyr, ggplot2, readr,
stringr, colorspace, RColorBrewer, magrittr, ggpubr, vegan, plyr.°®~° New sequences have been deposited to the Sequence
Read Archive with submission numbers SUB14342487 and SUB14347828 and BioProject number PRUNA1091705.

@ All code used to process and analyze data is available on Github (https://github.com/alekbua/SkinCom) and has been archived
via Zenodo (https://doi.org/10.5281/zenodo.12659787).

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Microbe strains

Byrd et al. (2018) reported the top ten species of bacteria found in the four microenvironments of the human skin.? We selected over-
lapping species from these four sites, and reduced the number to as few as possible, to create our nine-member SkinCom. All strains
were purchased from ATCC: Corynebacterium afermentans (ATCC 51403, strain CIP 103499 [LCDC 88199]), Cutibacterium acnes
(ATCC KPA171202), Micrococcus luteus (ATCC 4698), Staphylococcus aureus (ATCC 35556, strain SA113), Staphylococcus capitis
(ATCC 27840, strain LK 499), Staphylococcus epidermidis (ATCC 12228), Staphylococcus hominis (ATCC 27844, strain DM 122),
Staphylococcus warneri (ATCC 27836, strain AW 25), and Streptococcus mitis (ATCC 49456, strain NCTC 12261). Strains were
streaked out on Brain-Heart Infusion (BHI; Millipore Sigma 53286) agar plates prior to making glycerol stocks to confirm purity of
the individual microorganisms. Individual strains were cultured in sterile BHI broth at 37°C, without shaking. 1X BHI was made as
directed by manufacturer instructions (37 g BHI powder in 1 L water). 0.1X and 0.2X BHI were obtained by diluting 1X BHI with sterile
water. For anaerobic growth, BHI broth was anoxified by bubbling with N, and CO, (80%, 20%). The container was then sealed and
the headspace exchanged with N2 and CO2. L-cysteine (Sigma Aldrich 168149) was added to a final concentration of 2 mM directly
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to the containers before culturing. For C. acnes cultures, hemin and vitamin K (VWR 75803-006) were added to final concentrations of
2.5 ng/mL and 0.5 pg/mL, respectively, directly before culturing.

Mouse model

Animal experiments was conducted in accordance with the rules and regulations of the Institutional Animal Care and Use Committee,
which was approved by the UC. San Diego IRB protocol S00227M. Eight-week old, female CD1 mice (Charles River Laboratories, n =
5 mice/group) were housed in filter-top cages with regulated environmental conditions (20°C-22°C, 30-70% relative humidity, 12 h
light/12h dark cycle). Dorsal skin were chemically depilated (Nair, USA) as described previously (Nizet et al., 2001; Hirose et al. 2021).
Briefly, the mice were shaved under isoflurane sedation 24 h prior to SkinCom implementation. Under sedation, the SkinCom agar
patch was securely fastened with sterile gauze and a transparent film dressing (3M Tegaderm) on the shaved skin. To assess the
systemic spread of infection 72 h post SkinCom patch application, the heparinized blood was collected submandibularly and serially
diluted on BHI agar plates. Sequentially, animals were euthanized by CO, inhalation and skin swabs were collected.**°

Human participants

Thirteen healthy adults (9 males, 4 females, ages 18-60) were recruited to donate samples. All individuals signed a written informed
consent in accordance with the sampling procedure approved by the University of California, San Diego Institutional Review Board
(Approval 801694). Subjects with known allergies to cosmetics were excluded as stated in the IRB. Subjects were instructed to avoid
applying topical products onto the face during the trial period. Two collections were performed from each skin spot for three time
points: Days 0, 4, and 7. Sampling was performed by applying pressure to a 2 X 2 cm area of one side of the forehead in a circular
motion for 60 s with sterile cotton swabs (Fisher, Cat# 22-029-630) pre-moistened with a swabbing solution (Tris-EDTA (TE)
buffer +0.5% Tween 20 + 1% Triton X-100). Sample locations were noted and swabs were placed in cryotubes with in 700uL
DNA/RNA Shield Buffer (Zymo Research, Cat# R1100-50) at —80°C until sample extraction time. For skincare compound applica-
tions, subjects applied a cotton round saturated with either SLES solution (3% in water) or RL solution (3% in water) to the treatment
side of their forehead for 30 s, twice a day. We processed skin swabs by extracting DNA and RNA using the ZymoBIOMICS DNA/RNA
miniprep kit (Zymo Research, Cat# R2002), and prepared metagenomics library as previously described.

METHOD DETAILS

Community assembly with CellenONE liquid printer

Each bacteria species was grown to mid-log phase and diluted in BHI to an OD600 of 0.07 after subtracting the blank reading. The
diluted strains were loaded into a 384-well “probe” plate, one strain per well. The CellenONE X1 liquid printer (SCIENION US Inc.,
Phoenix, AZ) was programmed to pick up 30uL from a well of the probe plate using a Piezo Dispense Capillary (PDC) and dispense
the specific number of drops (see Table 1) in the appropriate wells of a 96-well “target” plate, which was preloaded with 200uL
BHI/well. Prior to dispensing into destination wells, each aliquot was confirmed by eye to have 4-5 cells/drop using the
CellenONE camera. OD600 readings were then monitored with the spectrophotometer (Molecular Devices SpectraMax M3 Multi-
Mode Microplate Reader, VWR, Cat# 89429-536). The PDC was cleaned between isolates by flushing the PDC interior with
0.5mL water. 200 drops of BHI were added to negative control wells as the last step in each experimental setup, to ensure no contam-
ination occurred due to incomplete flushing of the PDC between strains.

Community growth conditions

Communities were grown in 200uL of BHI broth in 96-well plates, at 37°C, without shaking. To minimize evaporative loss, plates were
set on 4 100 mm-diameter Petri dishes (2 stacks of 2 dishes) filled with ~20 mL water each to generate a humid environment around
the plates. To prevent condensation of the plate lid which would interfere with spectrophotometric readings, each plate lid was
coated with 3 mL of an aqgueous solution with 20% ethanol and 0.01% Triton X-100 (Sigma, Cat# X100-100ML). Excess liquid
was removed after 30 s and the lid was allowed to air-dry for 30 min under a UV light for sterilization. Under anaerobic conditions,
plates were incubated in a vinyl anaerobic chamber (Coy Lab Products) with an atmosphere of N2/CO2/H2 (85%/10%/5%). Plates
were incubated at 37°C without shaking and OD600 readings were taken in a Molecular Devices SpectraMax i3 spectrophotometer
with a StakMax Microplate Handling System.

Community growth with cosmetic compounds

Sodium Lauryl Sulfate (SLS), Sodium Lauryl Ether Sulfate (SLES), Rhamnolipid (RL), and creatine compounds were obtained from
Evonik Industries (https://corporate.evonik.com/en). For compounds added at time of inoculation, compounds were diluted to the
indicated concentration (w/v) in 1X BHI and loaded into the target plate prior to community spotting, 150pL/well. Communities
receiving compounds at 24 h post-inoculation were spotted into plain 1X BHI and compounds were diluted to 4X the indicated con-
centration in 1X BHI and 50uL were added to the appropriate wells after 24 h of incubation. 50uL of plain BHI were added to com-
munities that received compounds at time of inoculation. All compound solutions were sterilized by syringe-filtering across a 0.22 ym
filter before addition. Community plates were grown oxically for days. Plates were then stored at —20°C until processing for
sequencing.
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Shotgun metagenomics library preparation and sequencing

DNA was extracted from community samples using a Qiagen DNeasy PowerSoil Pro Kit (Qiagen, Cat# 47016) according to manu-
facturer’s instructions with the following noted change. Samples were heated for 10 min at 100°C after addition of lysis buffer and
prior to vortexing. Following extraction, DNA was quantified with Qubit dsDNA, high sensitivity (ThermoFisher, Cat# Q32851) and
normalized to 0.2 ng/uL. Shotgun metagenomic sequencing libraries were prepared using the Nextera XT DNA Library kit with
1 ng DNA input, according to manufacturer’s instructions (lllumina, Cat# FC-131-1096 and FC-131-2001). Libraries were quantified
using a Qubit as indicated above and normalized to 2 ng/pL for sequencing. Libraries were sequenced on an lllumina MiSeq platform
with a paired-end 150 V2 kit (Figure 2, 3, and 5) or a paired-end NovaSeq PE 100 V2 kit (Figures 4 and 6).

Metagenomics sequencing analysis

Metagenomics reads on day 0 and day 4 were trimmed using Trim Galore v0.6.10°¢ paired-end mode with default parameters and
aligned to the reference database Web of Life (WoL)®° using bowtie2 v2.2.5.5° Taxon count tables were generated from alignment
using Woltka v0.1.5.%”

Differential abundance analysis

We conducted differential abundance analyses on the non-rarefied metagenomics data obtained from the in vitro SkinCom with
cosmetic compounds and human subject trials using Songbird v. 1.0.4 through QIIME2 v. 2020.6.0,® with parameters p-min-sam-
ple-count and p-min-feature-count set to 0 due to low microbial counts in skin samples. Rank plots were generated using Qurro
v0.8.0.°° Code used to process differentials is available at Github (https://github.com/alekbua/SkinCom). Paired t-tests were con-
ducted to assess the change in abundance of each taxon at two time points: before the compound application and on day four,
as well as before the application and on day seven.

SkinCom application in murine epicutaneous model

Animal experiments was conducted in accordance with the rules and regulations of the Institutional Animal Care and Use Committee,
which was approved by the UC. San Diego IRB protocol S00227M. Mice were housed in filter-top cages with regulated environ-
mental conditions (20°C-22°C, 30-70% relative humidity, 12 h light/12h dark cycle). The SkinCom was constructed in 1X BHI
following the GCS ratio previously described®' with no (control/mock infected, containing sterile BHI) or the final bacterial load of
102 CFU/mL (low bacterial load), 10* CFU/mL (medium bacterial load), and 10° CFU/mL (high bacterial load). After three days of in-
cubation, cultures were pelleted and spotted onto 2 x 2 cm patch of sterile agar, and affixed onto the chemically depilated area (Nair,
USA) of eight-week-old female CD1 mice (Charles River Laboratories, n = 5 mice/group) as described previously (Nizet et al., 2001;
Hirose et al. 2021). Briefly, the mice were shaved under isoflurane sedation 24 h prior to SkinCom implementation. Under sedation,
the SkinCom agar patch was securely fastened with sterile gauze and a transparent film dressing (3M Tegaderm) on the shaved skin.
To assess the systemic spread of infection 72 h post SkinCom patch application, the heparinized blood was collected submandib-
ularly and serially diluted on BHI agar plates. Sequentially, animals were euthanized by CO2 inhalation and skin swabs were collected
in accordance with the sample collection guidelines previously outlined for DNA/RNA extractions associated with metagenomics and
transcriptomics analysis.***°

QUANTIFICATION AND STATISTICAL ANALYSIS

Several statistical methods were conducted to assess differences, correlations, and associations between groups. In Figure 1, the
mean of 4 replicates are shown, along with the error bars showing the standard error of the mean. The same statistical analyses were
run for Figures 2 and 3. For growth curves, 8 replicates per condition were averaged and the standard error of the mean is demon-
strated by the error bars. For diversity indices, 4 replicates per media condition were averaged and calculated for alpha- and beta-
diversity using phyloseq.®® The statistical significance of the Shannon diversity index was calculated with the Student’s t test, p =
<0.0001, while a PERMOANOVA test, p = 0.032, was calculated to determine the statistical variation of Bray-Curtis distance. For
relative abundance plots, raw read counts from metagenomics sequencing (n = 4) were normalized by reads per kilomillion base pairs
(RPKM). PCA from each condition was plotted using the Bray-Curtis distances. For Figure 4, aligned reads were calculated for
genome coverage (cite) and coverage below 0.02 was filtered out. All reads were normalized by RPKM as previously described.®*
Each bar represents 5 mice receiving the same treatment, residing in the same cage. For Figure 5, the standard error of the mean
(error bars) was calculated for each of the conditions (4 replicates each). Linear regression with a 95% confidence interval was utilized
to determine changes in SkinCom composition in the presence of SLES and RL (n = 4). For Figure 6, the t-statistic was calculated to
analyze the differential abundances of various samples. The statistical significance of the analysis was determined with p < 0.05.
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