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Abstract: The skin microbiome provides vital contributions to human health and was
historically assumed to be a well-mixed community that coats the skin surface. However, its
gpatial organization and viability remain unclear. Here we apply culturing, imaging, and
molecular approaches to both human and mouse skin samples, and find that the skin surfaceis
colonized by far few viable bacteria than would be predicted by its levels of bacterial DNA.
Instead, viable skin-associated bacteria are primarily present in hair follicles and other cutaneous
invaginations. Furthermore, we establish that arelatively small number of bacterial families
dominate each skin site and that traditional sequencing methods overestimate the skin
microbiome’ s richness and diversity. These findings address multiple outstanding questionsin
skin microbiome biology with significant implications for future efforts to study and manipulate

it.
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Main Text: The skin isthe largest organ in the human body, providing roughly 25 square meters
for potential host-microbe interactions (1). It facilitates our tactile interactions with the world,
separates us from the dangers of our daily lives, and has the incredible ability to regenerate itself
every 20-30 days (2). Human skin is also home to the organisms that comprise the skin
microbiome, which has been shown to have important roles in human health. For example, the
human skin microbiome affects immune system education (3, 4), wound healing (5-7),
colonization resistance (8), modulation of gene expression in the skin (9), and may have arolein
development (10). Despite the important contributions of the skin microbiome to human health,
there are important questions that have not been addressed by traditional methods: Why isthe
skin microbiome stable across monthsin longitudinal studies yet easily perturbed upon transient
environmental changes like swimming (11)? Why are there so many anaerobic bacteria on an
organ exposed to the air? How can the microbes educate immune cells that are not found on the
surface? And why isit so difficult to stably colonize the skin with new microbes without strong
perturbations like abrasion?

The skin microbiome is often depicted as a well-mixed coating of microbes on the skin
surface (12, 13). This assumption underlies both the paradoxes in the field mentioned above and
the predominant method by which skin microbiomes have been studied: sequencing of swabbed
skin areas (14). Additionally, while sequencing and culture-based studies have demonstrated that
bacteria extend into deeper portions of the skin, the spatial distribution of the skin microbiome as
awhole has not been well characterized (4, 15, 16). To address this gap, we determined the
gpatial distribution of bacterial cellsin the skin using the universal bacterial FISH probe
EUB338, which hybridizesto bacterial 16S rRNA (17). Using this method on biopsied healthy

adult human tissues revealed that the skin surface contains very few intact bacteria (Fig.1 A). In
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contrast, clusters of bacteriawere found within hair follicles and other cutaneous skin structures
like comedos (Fig.1 B). To quantify these observations, we calculated the ratio of the mean
fluorescence within an area of interest (ahair follicle, the skin surface, or other cutaneous
structures) to the mean fluorescence outside of the area of interest. We refer to thisratio asan
enrichment score. The median enrichment score for human follicleswas 11.24 (Fig. 1 D). In
contrast, the skin surface (stratum corneum) had an enrichment score of just 0.188. This pattern
of observing many bacteriain follicles but few on the skin surface held true when using FISH
probes specific for Cutibacterium acnes, one of the most abundant bacterial speciesin the human
skin microbiome (Fig. 1 C). For C. acnes, the enrichment score was 3.14 for follicles as
compared to 0.67 for the stratum corneum (Fig. 1 D). We note that while the vast mgjority of
intact skin-associated bacteria were not associated with the skin surface, there were some
bacteria present in the stratum corneum. Thus, our results are consistent with previous reports
that bacteria can be cultured from skin surface swabs but also extend these findings to
demonstrate that the skin surface has fewer intact bacteria than deegper skin structures.

DNA sequencing of samples collected by sterile swabbing is the most common method
used to evaluate the skin microbiome because it is simple, noninvasive, and has been shown to
result in higher consistency than other sampling methods (18). However, because we observed so
few bacterial cells on the skin surface, we questioned whether the bacterial DNA that is present
on the skin surface and accessible for sampling by swabs is representative of the viable
microbiome. We thus implemented a method that allowed us to quantify and compare total
bacterial DNA with bacterial DNA found only within viable bacterial cells. Specifically, we
utilized the cell-impermeable small molecule propidium monoazide (PMA), which binds

irreversibly to double-stranded DNA upon photoactivation to inhibit PCR amplification (Fig. 2
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A) (19). When PMA photoactivation is performed before the cell lysis step of DNA isolation, the
genomic DNA inside viable bacteriais protected from PMA binding because PMA is cdll-
impermeable, while cell-free DNA or DNA within permeabilized bacteria becomes PM A-bound.
Thus, comparing DNA quantities in samples with and without PM A treatment enables
assessment of the viability of a bacterial population. This approach was previously used to assess
the viability of bacteria from environmental waste water samples (20). To quantify bacterial
DNA and assess the viability of a population of cells, we combined the use of PMA with droplet
digital PCR (PMA-ddPCR).

To assure that PMA-ddPCR would allow usto reliably gauge the fraction of viable cells
in apopulation, we first validated that it generated the expected results using known ratios of
heat-killed and exponentially-growing E. coli cultures (Fig. S1A). As a further demonstration
that PMA-ddPCR provides an accurate measure of DNA from viable cells, we next sought to
determine whether PMA-ddPCR can accurately approximate the number of culturable bacteria
To thisend, we used serial dilutions of a skin-resident bacterial species, Staphylococcus
epidermidis, and generated a standard curve correlating DNA abundance (quantified by PMA-
ddPCR) and CFU/mL (quantified by classical plating). We found that the PM A-ddPCR and
CFU/mL values were highly correlated (Fig. S1B). Performing ddPCR without the use of PMA
on an exponentially-growing population of S. epidermidisyielded similar results, indicating both
that the PMA treatment itself does not significantly alter viability and that an exponentially-
growing culture of bacteriais comprised of mostly viable cells (Fig. S1C). Together, these
controls confirm that PMA-ddPCR represents a good proxy for the amount of DNA in a sample

present within intact bacteria
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90 We next collected human skin microbiome samples using sterile swabbing technique to
91 determineif our findings with in vitro bacterial cultures extend to skin microbiome samples. To
92  quantify the number of viable bacteriadirectly, we plated a small amount of each sample using
93 thestandard conditions for culturing skin microbes (5% sheep blood in tryptic soy agarose plates
94  incubated both aerobically and anaerobically). To determine whether PMA-ddPCR or traditional
95  ddPCR better represented the number of viable skin microbiome bacteria, we split each sample
96 intotwo equal halves and treated one half with PMA prior to DNA isolation, leaving the other
97  half untreated. We quantified bacterial DNA in both samples by ddPCR using universal bacterial
98  16S primers. We found that for each sample, the PMA-ddPCR quantification closely matched
99 thestandard curve generated with S. epidermidis, suggesting that the use of PMA alows for an
100 accurate quantification of viable bacterial DNA (Fig. 2 B). More specifically, quantifying the
101  bacterial DNA in skin microbiome samples without the use of PMA resulted in DNA quantities
102 that were, on average, 82 times higher than predicted by the standard curve, while the use of
103  PMA brought this value down to just 1.3 (Fig. 2 C). Using ddPCR counts to predict CFU showed
104  similar results, as ddPCR in the absence of PMA yielded values that predicted CFU counts 58.5
105 timesgreater than those measured, while PMA-ddPCR yielded values that predicted CFU counts
106  that were on average only 1.28 times greater than the actual cultured CFU (Fig. 2 D).
107 Calculating the ratio of ddPCR counts between samples without PMA and samples with
108 PMA alowed usto generate a viability score for any given microbiome sample. Additionally, we
109 calculated a CFU-based viability score by comparing the CFU predicted by the ddPCR countsin
110 asamplewithout the use of PMA to the actual CFU. Using either the ddPCR-based method or
111  the CFU-based method resulted in similar viability scores and allowed usto gauge the overall

112  fraction of viable bacteriain a population (Fig. 2 E).
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113 We next evaluated viability scores (using the PM A-ddPCR-based method) of DNA

114  sampled from different skin microbiome sites by swabbing the skin of four healthy human

115  volunteers at eight sites (glabella, retroauricular crease, lower back, hair shaft, antecubital fossa,
116  popliteal fossa, nares, and dorsal forearm) (Fig. 2 F, Fig. S2). PMA-ddPCR reveaed that the
117  viability scores for these sites ranged between 0.02 and 0.12 (O represents afully-nonviable

118  population, 1.0 represents a fully-viable population), indicating that the majority of bacterial
119 DNA found on the skin surface is not associated with viable cells (Fig. 2 G). To investigate

120  whether this was a skin-specific phenomenon, we tested several non-skin microbiome sites

121 (tongue, saliva, plaque, and feces). We found that in all non-skin microbiome sites, the viability
122 scorewas significantly higher than for the skin, ranging from 0.4 (saliva) to 0.87 (feces) (Fig. 2
123  G). These results provide independent support for our imaging-based findings that the skin

124  surfaceis populated by few viable bacterial cells, indicating that the surface of healthy non-

125  sterilized human skin is sparsely colonized. While these data indicate that bacterial DNA on the
126  skin surfaceis predominantly not associated with viable bacterial cells, we note that our results
127  do not suggest that there are no viable cells on the skin surface. Rather, our data indicate that the
128 majority of the bacterial on the skin surface is not in intact bacteria such that specifically

129  assessing the DNA associated with intact cells using PMA provides a much more accurate

130  estimation of the viable skin microbiome.

131 Like many microbiomes, the existing knowledge of the skin microbiomeis heavily based
132 upon bacterial 16S rRNA gene amplicon sequencing, which was developed to assess bacterial
133  populations while avoiding biases introduced by culturing methods. However, our findings

134  suggest that using 16S rRNA gene amplicon sequencing to study the skin microbiomeis not

135  entirely unbiased, as most of the DNA in these samples is from nonviable bacteria and traditional
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136  16SrRNA gene amplicon sequencing does not differentiate between DNA originating from live
137  or dead cdls. Theinability of 16S rRNA gene amplicon sequencing to differentiate between
138  thesetwo types of bacterial populations has been mentioned as a potential downfall of the

139  method, but has not been addressed (8). To evaluate how accurately traditional 16S rRNA gene
140  amplicon sequencing captures the living skin microbiome composition, we utilized PMA

141 followed by 16SrRNA gene amplicon sequencing (PMA-seq) (21). By sequencing pairs of

142 matched samples with PMA treatment (PMA-seq) and without PMA treatment (traditional

143  sequencing), we were able to explore how closely the microbiome compositions obtained from
144  traditional sequencing methods resembled the viable microbiome composition obtained by PMA-
145  seq. These experiments established that at each skin site sampled, as compared to traditional
146  sequencing, the PMA-treated samples were less rich (richness, R, is a measure of the number of
147  identifiable bacterial taxa) and less diverse (diversity, H, is measured by the Shannon diversity
148 index) (Fig 3 A, B). Furthermore, samples that had greater richness in traditional sequencing
149  (Ryag) Showed proportionally larger decreases in richness and Shannon diversity with PMA-seq
150  (Rewaand Hpya) (Fig. 3B-C). These results suggest that, although it appears by traditional

151  sequencing that thereis awide range of richness values at different skin sites (1-30 different
152  taxa), in reality the richness across the skin microbiome at different body sitesis relatively

153  similar and low (1-10 different taxa). Though we did identify a small number of samples where
154  therichnessincreased upon PMA treatment, these increases were due mostly to minor

155  components of the microbiome (Fig. 3C), and these samples still showed a decrease in Shannon
156  diversity (Fig. 3B). Thus, though there appears to be a wide range of diversity in the skin

157  microbiome by traditional sequencing, PMA-seq indicates that thisis generally an
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158  overestimation at any given skin site. In fact, our results suggest that the viable skin microbiome
159 tendsto be dominated by arelatively small number of taxa at most sites.

160 The metrics of richness and diversity offer important information regarding how the

161  composition of the skin microbiome changes at different body sites between traditional

162  sequencing and PMA-seq. However, we also wanted to understand the changes in the relative
163  abundance of specific bacterial taxa. To quantify taxon-level PMA-dependent changes, we

164  developed a PMA-index (Ipuwa) for each bacterial taxon, which is calculated as follows:

165  lpma=—EMA___ \where Apwais the relative abundance by PMA-seq and Auaq i the relative

(Apma) +(Atrad)’

166  abundance by traditional sequencing. A low PMA-index (below 0.5) indicates that the taxon in
167 questionisoverrepresented by traditional sequencing, while a high PMA index (above 0.5)

168 indicatesthat the taxon in question isunderrepresented by traditional sequencing (Fig 4A).

169  Calculating PMA-indices revealed that the abundances of most bacterial taxa at any given body
170 diteare overestimated by traditional sequencing, as most taxa had PMA-index values closeto 0
171 (Fig. 4A).

172 The three most abundant family-level bacterial families (Propionibacteriaceae,

173  Corynebacteriaceae, and Micrococcaceae) made up 93% of total sequencing reads (96% of

174 PMA-seq reads and 91% of traditional sequencing reads) and demonstrated interesting family-
175 level PMA-index patterns. The family Propionibacteriaceae includes amajor component of the
176  skin microbiome, C. acnes, which has been shown by traditional sequencing to comprise

177  upwards of 50% of the skin microbiome irrespective of site type (8). PMA-seq revealed that
178 traditional sequencing accurately represents Propionibacteriaceae abundance in sebaceous sites
179  (demonstrated by a PMA-index close to 0.5), but overrepresents Propionibacteriaceae in moist

180 and dry sites (PMA-indices of 0.2-0.3). Furthermore, Propionibacteriaceae dominated sebaceous
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181  sites(accounting for >75% of all viable bacteriain most sebaceous samples), but did not

182  dominate moist or dry sites (their viable abundance did not exceed 50% of all viable bacteriain
183  any of those samples).

184 Bacteriain the family Corynebacteriaceae are also considered main constituents of the
185  skin microbiome, but our results showed that traditional sequencing overestimates the abundance
186  of Corynebacteriaceae at every skin site except for the nares. For example, traditional

187  sequencing identified a high abundance of Corynebacteriaceae in the popliteal fossa, but PMA-
188  seq showed that these reads were largely of inviable origin (Fig. 4B). Previous studies have

189  demonstrated that Corynebacteria are readily cultured from nasal isolates, which supports our
190 PMA-seq finding that viable members of thistaxon are abundant in the nares but not at most
191  other skin sites (22).

192 Interestingly, Micrococcaceae were overrepresented by traditional sequencing at every
193  diteexcept for the hair shaft. In the hair shaft, Micrococcaceae were abundant by PMA-seq but
194  amost undetectable by traditional sequencing. As shown in Figure 4B, the increase in the

195  relative proportion of viable Micrococcaceae detected by PMA-seq corresponds to a decreasein
196  viable Propionibacteriaceae, suggesting that Micrococcaceae may not be detected by traditional
197  sequencing because of the high abundance of DNA from inviable Propionibacteriaceae. These
198  results suggest that most skin sites are colonized by arelatively small number of bacterial

199 families and that different families distinctly colonize different skin sites.

200 Our sequencing did not show an abundance of Saphylococcus, which is often (12, 13,
201  23), but not always (24), detected in the skin microbiome. We thus evaluated the viability of this
202  genususing PMA-ddPCR with Saphylococcus-specific primers (Fig. S3). By using lysostaphin

203  prior to DNA isolation, we ensured that any Staphylococcus present would be sufficiently lysed.
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204  Comparisons with universal bacterial 16S primers confirmed that the inclusion of lysostaphin did
205 not sgnificantly change the overall viability scores at the body sitestested (Fig. S3). Meanwhile,
206  our Saphylococcus-specific analysis confirmed that like other bacteria, Staphylococcus are also
207 largely inviable on the skin surface (Fig. S3). These results reinforce our conclusion that the bulk
208  of the bacterial DNA on the skin surface is from nonviable bacteria

209 Finally, we were curious if our findings were human-specific, or if they also translated to
210  murine systems. We thus assessed the spatial distribution of bacterial cellsin mouse skin tissue.
211  Usingthe universal bacterial FISH probe with tissue from K14-H2B-GFP mice revealed the

212 same bacterial distributions as seen in the human tissues: a high abundance of bacteriain hair
213 follicles (enrichment score of 15.26) with relatively few bacteria on the skin surface (enrichment
214  scoreof 0.21) (Fig. 5 A, D). Given that one main function of the densely-packed coat of hair

215  found on mammals like miceisto protect the skin surface from the outside environment, we

216  wondered whether the lack of bacteria on the skin surface was due to their dense fur. To test how
217  fur impacts the presence of bacteria on the skin surface, we performed FISH staining on skin

218  from nude mice (SKH1-Hrhr Elite) and found similar bacterial distributions (follicle-associated
219  enrichment score of 10.79 compared to 1.13 for the skin surface) (Fig. 5 B, D).

220 Since we failed to detect many bacteria on the surface of any of the skin samples tested,
221 we sought a positive control to confirm that our FISH staining can visualize bacteria on the skin
222 surfaceif they are present. To this end, we applied Escherichia coli cellsto dorsal mouse skin
223 tissue after removing it from the animal. This tissue was then processed in the same way as the
224 human and other mouse tissue. FISH staining revealed many bacteria on the surface of these

225  samples, confirming that this technique can be used to reliably visualize bacteria on the skin

226  surface (Fig. 5 C). Asanegative control, we also confirmed that a probe encoding the reverse
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227  complement of the EUB338 FISH probe (NONEUB338) did not significantly stain the skin

228 surfaceor follicles (Fig. 5 C).

229 Because our imaging of mouse skin suggested some similarity to human skin, we next
230  decided to assess the viahility of bacteriain the mouse skin microbiome using PMA-ddPCR. As
231  further evidence that our previous findings are not human-specific, the PMA-ddPCR-based

232 viahility score for mouse skin microbiome sites was similar to the average viability score for

233  human skin sites (0.066 and 0.045 respectively) and was much lower than the viability score for
234  the mouse or human fecal microbiome (0.98 and 0.66 respectively). (Fig. 5E). Our results

235 indicate that, despite having distinct skin biology, both humans and mice have an abundance of
236  bacterial DNA on the skin surface that is not associated with viable cells. This observation

237  suggests that the factors leading to this are aso not unique to either given species and suggests
238  that the presence of viable bacteria on the skin surface is rare for both humans and mice, and
239  may thusrepresent ageneral phenomenon.

240 Here we used both imaging and PM A-based methods to demonstrate that the skin surface
241  issparsely colonized by bacteria. This central finding holds true across skin from human

242  biopsies, healthy swabbed volunteers, hairy mice, and nude mice. The skin microbiome has

243  garnered agreat deal of attention as ameans for educating the immune system, combatting

244  pathogens, and promoting wound healing, and multiple groups are pursuing skin probiotics (25).
245  Our findings have significant implications for the mechanisms underlying these skin microbiome
246  functions, aswell as for the ability to manipulate skin microbiome composition. For example,
247  our findings support previous work suggesting that the key function of immune education by the
248  skin microbiome occurs within hair follicles (4). Meanwhile, our results may explain why stably

249  colonizing the skin surface with exogenous bacteria has proved to be difficult and often requires
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250 abrasion (3). Disruption of the stratum corneum (skin surface layers), which occurs during skin
251  abrasion, may allow access to the deeper layers of tissue where the stable bacterial populations
252  reside. Thus, targeting the bacteriawithin hair follicles may represent a better strategy for stably
253  manipulating the skin microbiome or educating the immune system. While it has been known for
254  sometime that bacteriainhabit hair follicles (4, 16), our findings extend this knowledge and

255  suggest that the viable bacteria of the skin microbiome are primarily restricted to these sites. This
256 isfurther supported by our finding that bacteria can be readily cultured from the skin surface, but
257  at far less abundance than suggested by the amount of bacterial DNA present on the skin.

258 Our results also offer some insight into the apparent paradox of skin microbiome stability,
259  inwhich skin microbiome composition has been found to be extremely stable over long time
260  scales but highly susceptible to transient perturbations. A longitudinal study found that

261 individual skin microbiome composition is consistent across months, while another study found
262  that ocean swimming dramatically altered skin microbiome composition within hours (11, 26).
263  Theskin isprimarily colonized by viable bacteriain pilosebaceous units and other skin

264  invaginations and the bacterial DNA on the skin surface is mostly from dead bacteria. Thus,

265  surface bacterial DNA could be easily washed away and replaced by other bacterial DNA from
266  the environment, leading to low stability on short timescales. Meanwhile, the viable bacteriain
267  hair fallicles and other cutaneous structures may remain unperturbed by washing, persisting asa
268  small but stable source of new bacterial DNA that replenishes the skin surface over time and

269 leadsto high stability at long timescales. In this scenario, hair follicles and other cutaneous

270  structures could serve as the primary site of replication for the bacteria of the skin microbiome,
271 which are eventually pushed out towards the skin surface. At the surface, the DNA from dead

272  bacteriathat originated from distinct skin sites can mix, which would provide an explanation for
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273 why traditional sequencing overrepresents bacterial diversity. This model would also explain the
274  counter-intuitive abundance of obligately anaerobic bacterial species associated with the skin

275  microbiome. We note that human skin cells are also born in stem-cell-rich invaginations and are
276  pushed to the surface asthey die. In thisway, the life cycle of the skin microbiome may resemble
277  theprocess of epithelial cell turnover in the skin.

278 Our findings also raise fundamental questions that will need to be addressed by future

279  studiesfocused on why the skin surface is poorly colonized. The accessible DNA in non-skin
280  microbiomesis generally representative of viable bacterial cells, as all non-skin microbiomes
281  tested had viability scores above 0.4. Thisisin stark contrast to the skin microbiome, which had
282  viahility scores between 0.02 and 0.12. Even saliva, which contains a multitude of antimicrobial
283  compounds such as lysozyme, lactoferrin, lactoperoxidase, and antimicrobial peptides (27), had a
284  viabhility score nearly four times greater than the highest viability score for a skin microbiome.
285  Theuniquely low viability score associated with the skin could be explained by passive

286  mechanisms, like bacterial DNA adhering to the skin long after a bacterial cell dies.

287  Alternatively, there could be active mechanisms like bacterial killing on the skin surface by

288 factorslike antimicrobial peptides produced by epithelial cells, competition between bacterial
289  gpecies, or exposure to harsh environmental factors such as starvation, UV radiation, or

290 desiccation.

291 In conclusion, we have shown for thefirst time the spatial distribution of the viable skin
292  microbiomein its native state. Our data challenge the assumption that the skin surfaceis replete
293  with viable bacterial cells, and suggest instead that the bacterial DNA on the skin surface is not
294  representative of the viable bacterial population. Our findings also suggest that traditional 16S

295  rRNA gene amplicon sequencing is not sufficient for analyzing bacterial communities like the
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skin microbiome, asit leads to overestimation of richness and diversity and can lead to
inaccurate assessment of bacterial abundance. PMA-seq is thus a powerful tool for assessing the
viable components of a complex community, and, when coupled with traditional sequencing, can
also evaluate how closely the available DNA reflects the viable components within a community.
Our results provide an essential step towards a complete understanding of the functional skin
microbiome and suggest a more accurate method to evaluate bacterial communities on the skin

surface.
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305 Fig. 1. Bacterial FISH staining of human tissue. (A-C) Scale bar = 20 um. The bottom left corner
306 of each diagram shows a schematic of the hair follicle in white and the anatomic location of each
307 imageframein yellow. DAPI staining is shown in bluein al parts. EUB338 hybridization is
308 showninred for al images. (A) Human tissues stained with the pan-bacterial FISH probe

309 EUB338 show little bacterial presence at the skin surface. (B) Human tissues stained with

310 EUB338 show abundant bacterial signal that is concentrated in hair follicles, pilosebaceous units,
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and other cutaneous structures. (C) Human tissues stained with a C. acnes specific FISH probe
(in green) demonstrate the same overall spatial organization as those stained with EUB338. (D)
Quantification enrichment scores showing the median and interquartile range. Significance was
calculated using the Mann-Whitney test. *P < 0.05, **P < 0.01. N = 8 for human follicle, N = 6
for human follicle (C. acnes) and human stratum corneum, N = 5 for human stratum corneum (C.

acnes).
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319 Fig. 2. PMA-ddPCR and viability scores for human skin and non-skin microbiomes . (A)
320 Schematic of the PMA-ddPCR workflow. (B) Standard curve generated using Staphyl ococcus
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321  epidermidis cultures shown in green. Shading represents 95% confidence interval. Open and

322  closed circles represent skin microbiome samples that did (closed circles) or did not (open

323  circles) receive PMA treatment. Paired samples are connected with aleft-facing arrow to show
324  thedownward shift in DNA abundance with the incluson of PMA. (C) Comparison of the

325 predicted ddPCR counts to measured ddPCR counts based on CFU for samples that were treated
326  with PMA (closed circles) and samples that were not treated with PMA (open circles) (mean for
327 PMA-treated samplesis 1.31, mean for untreated samplesis 82.2) . (D) Comparison of the

328 predicted CFU to measured CFU based on ddPCR for samples that were treated with PMA

329 (closed circles) and samples that were not treated with PMA (open circles) (mean for PMA

330 treated samplesis 1.28, mean for untreated samplesis 58.5). (E) Comparison of ddPCR-based
331  viability score to CFU-based viability score (mean = 0.93). (F) Sampling scheme showing each
332  skin sitethat was sampled. Colors indicate site-type (sebaceous in blue, moist in green, dry in
333  red). (G) PMA-ddPCR on skin and non-skin microbiome sites shows that the viability score of
334  the skin microbiome is significantly lower than other microbiome sites. ****P < 0.0001 for

335 Student’sT Test on pooled skin and non-skin samples. Four volunteers contributed skin and non-
336  skin microbiome samples. Additional samples were collected from some individuals and

337  represent biological replicates. N= 8 for glabella, N = 6 for retroarticular crease, N = 5 for lower
338  back, hair shaft, nares, and dorsal forearm, N = 3 for antecubital fossa, tongue, saliva, and

339 plague, N = 2 for popliteal fossa, and N = 1 for human feces. For raw ddPCR counts, see Fig. S2.

340


https://doi.org/10.1101/2021.08.16.455933
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.16.455933; this version posted August 16, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

10 .
Dot =T TR - = I e e e e e o
£ 1104 @ Glabelia
v  Retroauricular crease | Sebaceous
Q:E A Lower back sites
= @ Hair shaft
% -20+ O Popliteal fossa
B Antecubital fossa oy
A Nares e
30 @ Toe web D
@ Vvolar forearm | si::
L] L] L] L] Ll L] L] L] L] L] L] L] L] L] Ll L] L] L] L] L] L] I L]

T
0 10 20
Richness by traditional sequencing (R, )

AH (H,,H,,)

T
1.0
Diversity by traditional sequencing (H,_)

HV1 PF B
HV1.2 HS
HV4 AF
HV3.2 VF
HV2 VF
HV3.1 PF
HV4 PF
HV3.1 AF
HV3.1 Back

HV3.2 PF§

HV1 TWEE
HV3.2 AF
HV2 PF
HV3.1 VF

HV1 VF
HV1.3 Glabella

HV1.2 HS

HV2 RAC
HV4 Back
HV1.1 RAC
HV1.1 Glabella
HV1.2 RAC
HV2 Back
HV1.1 HS
HV3.1 RAC
HV4 RAC
HV1.3 HS
HV1.2 Glabella
HV4 Nares
HV1 Back
HV1.1 HS
HV3.2 Glabella
HV2 Nares
HV2 Glabella
HV1 Nares
HV3.1 Nares
HV3.2 Nares
HV4 Glabella
HV1.4 Glabella
HV3.1 Glabella
HV3.2 RAC
HV3.2 Back

[ Rnizobiaceae
D Microbacteriaceae

B Rickettsiales
B Hyphomicrobiaceae
O Nocardioidaceae

. Nocardiaceae
B Deinococcaceae
E Rhodobacteraceae

[] cytophagaceae

D Intrasporangiaceae

B Propionibacteriaceae
I corynebacteriaceae

3 41 - Micrococcaceae . Sphingomonadaceae Stramenopiles
342  Fig. 3. Richness and Shannon diversity of traditional sequencing compared to PMA-seg. (A) The
343  richness changes between traditional sequencing (Ryag) and PMA-seq (Rpva) are demonstrated
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344 by plotting the change in richness (AR) against Ryag. Colors represent different site types and

345  shapesrepresent different sample sites. The shaded gray region represents the 95% confidence
346 interval for the linear regression. (B) The Shannon diversity changes between traditional

347  sequencing (Hyad) and PMA-seq (Hpua) are demonstrated by plotting the change in diversity

348 (AH) against Hyag. Colors, shapes, and gray shading are the sameasin (A). (C) Relative

349  abundance of the 15 most abundant bacterial taxa overall (listed in descending order below).

350 Paired bars represent datafrom traditional sequencing (left) and PMA-seq (right). Samples are
351  ordered by increasing richnessin traditional sequencing. Labels below each pair of barsindicate
352  each sample' s donor, replicate, and site (for example, HV 1.1 RAC indicates Healthy Volunteer
353 1, replicate sample 1, retroauricular crease). HS: hair shaft, RAC: retroauricular crease, VF: volar

354  forearm, PF: popliteal fossa, TW: toe web, AF: antecubital fossa.

355

356
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358 Fig. 4. PMA index. (A) The PMA index for each bacterial taxon that was present in at least 4

359 samplesisshown here as an average between samples of the same sample site. Color indicates
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360 PMA index value. Saturation indicates confidence (sigma) in the PMA index value and was

361 calculated using the standard deviation of PMA index across the samples that went into that

362 pixel. Bacterial taxa are ordered by decreasing overall relative abundance. Each square

363  representsthe average of at least four samples taken from different individuals. PMA-index is
364 calculated by comparing the relative abundance of a given taxon as measured by PMA-seq

365  (Apma) to the sum of the relative abundance for that taxon in both traditiona sequencing (Atrad)
366 and PMA-seqg. (B) Relative abundance at each body site for the top three most abundant (overall)
367 bacterial taxaas assessed by traditional sequencing and PMA-seq. Colors of bars correspond to
368 colorsin Figure 2F.

369
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371  Fig5. Bacterial FISH staining of mouse tissue (A-D) and comparison of mouse viability scores
372 and human viability scores. (A). Tissues from a K14-H2B_GFP mouse stained with EUB338
373  show abundant bacterial signal in hair follicles but not on the skin surface. (B) Tissues from
374  SKH1-Hrhr Elite nude mice aso show bacterial presence concentrated to cutaneous structures
375 and not at the skin surface. (C) E. coli applied to C57BL/6 mouse tissue was stained with either

376  EUB338 (in red) or its complementary strand control probe NONEUB338 (in yellow). (D)
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Quantification enrichment scores showing the median and interquartile range. Significance was
calculated using the Mann-Whitney test. *P < 0.05, **P < 0.01, N = 6 for hairy mousefollicle,
nude mouse follicle, and hairy mouse stratum corneum, N = 5 nude mouse stratum corneum. (E)
The PMA-ddPCR-based viability scores for mouse skin microbiomes are much lower than for
mouse fecal microbiomes (0.66 and 0.98 respectively). These viability scores for mouse sites are
very similar to those for humans (0.66 and 0.45 for skin microbiomes, 0.98 and 0.66 for fecal

microbiomes).
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385 Materialsand Methods

386 Human and mouse tissue processing

387 Human tissue was obtained through the Skin Translational Research Core within the Skin
388 Biology and Diseases Resource-based Center (SBDRC) at the University of Pennsylvania.

389  Samples were obtained from healthy tissue in patients undergoing skin surgical procedures.

390 Sampleswere embedded in OCT and stored at -80°C prior to sectioning.

391 All mice were housed and maintained in a certified animal facility and all experiments
392  were conducted according to USA Public Health Service Policy of Humane Care and Use of

393  Laboratory Animals. All protocols were approved by the Institutional Animal Care and Use

394  Committee, protocol #1867-17 (Princeton University). Dorsal skin from K14-H2B-GFP,

395 C57BL/6, and SKH1-Elite nude mice was used for fluorescence experiments. The fur from K14-
396 H2B-GFP and C57BL/6 mice was shaved using clippers prior to embedding in OCT. Both sexes
397 wereused.

398

399  Fluorescencein situ hybridization and imaging

400 Human and mouse tissues were processed identically. 30 um tissue sections were

401  sectioned and mounted on slides using a Leica CM 3050S cryostat. Tissues on slides were fixed
402  in4% formaldehydein 1X PBSfor 20 mins. Following fixation, tissues were washed for 5 mins
403  in 1X PBSand then incubated in hybridization buffer (0.9 M NaCl, 20 mM Tris-HCI, 10%

404  formamide) containing 10 mg/mL lysozyme and FISH probes at 1 pg/uL for 2-3 hours at 47°C in
405  thedark. Nucleotide sequences of FISH probes can be found in Table S1. After hybridization,
406  dlideswereincubated in wash buffer (0.9 M NaCl, 20 mM Tris-HCI) for 1 hr at 47°C in the dark.

407  Slides werethen washed in 1X PBS for 10 mins. To visualize tissue nuclei, tissues were then
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stained with 1 pg/mL DAPI for 10 mins at room temperature. Slides were then washed 3X in 1X
PBS for 10 mins each. Following the final wash step, tissues were mounted with glycerol-based
anti-fade non-curing mounting media. Coverslips were sealed using a 1:1:1 mixture of petroleum
jelly, lanolin, and paraffin. Images were acquired on a Nikon A1R-Si HD confocal microscope
controlled by NIS Elements software. ImageJ and MATLAB (Mathworks, Natwick, MA) were
used for image processing. To calculate fluorescence enrichment scores, maximum projections
of Z-stacks were used. A rectangular region of interest (ROI) of width W was drawn around a
follicle using only the DAPI channel. A second ROI was drawn near the follicle opening with
dimensions 0.5W x 2W in order to capture follicle-associated fluorescence near the follicle
opening. In an orthogonal processing step, the pixel intensties for the entire image in the FISH
fluorescent channel were fit using a 3 component Gaussian mixture model (GMM)
corresponding roughly to non-tissue background, non-probe autofluorescence, and probe-based
signal. Using this GMM as the background subtraction value for each image, the mean intensity
for each ROI was calculated. This threshold value was used to calculate the mean fluorescence
value inside the ROI and outside the ROI. Theratio of the mean fluorescence value inside the
ROI to the mean fluorescence value outside of the ROI was used for quantifying follicle- and
stratum corneum-associated fluorescence (enrichment score). Significance was calculated using

the Mann-Whitney test.

Human subject micr obiome samples
Microbiome samples were collected under Princeton University IRB #13003 at the

Princeton University Department of Molecular Biology. Participants were healthy volunteers,
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430 aged 26-35, with no history of chronic skin conditions or autoimmune disease and were not using
431  antibiotics.

432 Skin microbiomes from healthy volunteers were collected using sterile foam-tipped

433  collection swabs pre-moistened with sterile 1X DPBS. Though often included, we chose not to
434  usedetergent in the swabbing buffer in order to avoid negatively affecting bacterial cell

435  membranes and altering viability scores. Fig. S1D shows how swabbing with and without 0.1%
436  Triton X-100 (Sigma) affects viahility scores, ddPCR results, and CFU. Areas of interest were
437  sampled for 60 seconds before being re-suspended in sterile 1X DPBS. Tongue microbiome

438  samples were collected using sterile foam-tipped collection swabs. Hair shaft samples were

439  collected by plucking hairs and using only the bulb portion. Saliva was collected in sterile 50 mL
440  conicals from healthy volunteers. Plaque was collected by scraping the teeth of healthy

441  volunteers using sterile toothpicks and re-suspending the collection in sterile 1X DPBS. Murine
442  fecal samplesfrom C57BL/6 mice were collected during dissection. Human skin microbiome
443  samples shown in Figure 2B-E were plated for CFU calculations prior to the addition of PMA.
444  Samples were plated on blood agar plates (5% sheep blood in tryptic soy agar, VWR

445  International) and grown for 24-48 hours aerobically or anaerobically.

446 The human fecal sample was collected by the Donia lab under Princeton University IRB
447  #11606 and was gifted to the Gitai |ab.

448

449  Heat-killed E. coli ratios

450 Inorder to demonstrate the efficacy of PMA, known ratios of live and heat-killed E. coli cultures
451  were mixed and subjected to PMA treatment. First, an overnight culture of E. coli NCM 3722

452  was back-diluted into fresh LB mediaat aratio of 1:1000 and grown at 37°C for 4 hours to reach
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453  mid-log. Half of the exponentially-growing culture was heat-killed by incubating at 70°C for 20
454  minutes while the other half remained at room temperature. The heat-killed E. coli cultures were
455  alowed to cool to room temperature before combining with non-heat-killed E. coli culturesto
456  achieve a 50% (by volume) heat-killed mixture. For the 0% heat-killed, no heat-killed bacteria
457  were added. Likewise, for the 100% heat-killed, only heat-killed bacteriawere used. Each

458  condition was mixed well and then split evenly between two sterile 1.5 mL microcentrifuge
459  tubes.

460

461  Propidium monoazide (PMA) treatment and DNA isolation

462 After collection, samples were split evenly between two sterile 1.5 mL microcentrifuge
463  tubes. PMA (Biotium Inc.) was added to one of the two tubes to a final concentration of 50 uM.
464  All tubes wereincubated in the dark at room temperature for 10 mins before being exposed to
465 light to cross-link PMA molecules using the PMA-Lite™ LED Photolysis Device (Biotium Inc.).
466  DNA wasthen isolated from all samples using the DNeasy PowerSoil Kit (Qiagen). If

467  lysostaphin (Sigma-Aldrich) was used, it was added following PMA activation and before DNA
468 isolationto afina concentration of 0.1 mg/mL and incubated at room temperature for 30 mins.
469

470 Droplet digital PCR (ddPCR)

471 The Bio Rad QX200 AutoDG Droplet Digital PCR System was used to quantify

472  extracted DNA from microbiome samples and from pure bacterial cultures. Reaction mixtures
473  contained 2x QX200 ddPCR EvaGreen Supermix and universal 16S qPCR primersat 10 nM
474  concentrationsin atotal volume of 25 pL. Primer sequences can be found in Table S1. Reaction

475  mixtures were transferred to sterile ddPCR 96-well plates (BioRad #12001925) which were
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476  loaded into the QX200 Automated Droplet Generator. After droplet generation, the plate was
477  heat-sealed using the PX1 PCR Plate Sealer (BioRad #1814000) and PCR was performed with a
478  pre-step of 95 C for 5 minutes followed by 40 rounds of amplification with 60C, 1 minute

479  extensions and afinal hold temperature of 12 C using a C1000 Touch Thermal Cycler (BioRad
480  #1851197). Samples were subsequently loaded into the QX200 Droplet Reader for

481  quantification. Automatic thresholding was performed using the Quantasoft software and

482  subsequently exported to Microsoft Excel for analysis. Significance was calculated using a

483  Student’s T-Test. To calculate the viability score for a given pair of “-PMA” and “+PMA”

484  matched samples, the following calculation was done:

485

Copies per 20 uL without PMA
Copies per 20 uL with PMA

486

487  Staphylococcus epidermidis ddPCR and CFU standard curve

488 Cultures of S, epidermidis EGM 2-06 were grown in tryptic soy broth (TSB) overnight
489  and diluted 1:1000 the following morning in TSB and grown for 4 hours until afinal OD of 0.4.
490 Tenfold dilutions of S. epidermidis culture were then prepared, plated for CFU on 5% sheep

491  blood in tryptic soy agar (VWR International) and divided between two 1.5 mL microcentrifuge
492  tubes. PMA was added to one tube for afinal concentration of 50 uM and the other tube was left
493  untreated. PMA activation and DNA isolation was then done according to the methods outlined
494  above.

495

496 16SrRNA gene amplicon sequencing
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497 DNA was isolated from microbiome samples (with and without PMA) using the DNeasy
498 PowerSoil Kit (Qiagen). The V1-V 3 region of the 16S gene was amplified using the primers 27F
499 (5- AGAGTTTGATCCTGGCTCAG) and 534R (5'- ATTACCGCGGCTGCTGG). Illumina
500 sequencing libraries were prepared using previously published primers (28). Libraries were then
501 pooled at equimolar ratios and sequenced on an Illumina MiSeq Micro 500 nt as paired-end

502 reads. Reads were 2X250 bp with an average depth of ~33,616 reads. Also included were 8 bp
503 Index reads, following the manufacturer’ s protocol (Illumina, USA). Raw sequencing reads were
504 filtered by Illumina HiSeq Control Software to generate Pass-Filter reads for further analysis.
505  Index reads were used for sample de-multiplexing. Amplicon sequencing variants (ASV's) were
506 theninferred from the unmerged paired-end sequences using the DADA?2 plugin within QIIME2
507 version 2018.6 (29, 30). Reads were not trimmed. Taxonomy was assigned to the resulting ASV's
508 with anaive Bayes classifier trained on the Greengenes database version using only the target
509 region of the 16SrRNA gene. 13.8 (31, 32). All downstream analyses were performed using

510 family-level taxonomy assignments. Sequencing counts that were present in blank controls were
511  subtracted. Relative abundance, richness, Shannon diversity, and PMA-index were assessed

512 using the Vegan package for R or Microsoft Excel and plotted using R, Prism, and MATLAB
513  (33). The PMA-index was calculated using relative abundance and was not calculated for any
514  bacterial taxathat was present in fewer than four samples.

515

516 Dataavailability

517  The datasets generated during and/or analyzed during the current study are available from the
518 corresponding author on reasonable request.

519
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materials. Additionally, the raw data that support the findings of this study are available from the

corresponding author upon request (Zemer Gitai, zgitai @princeton.edu).
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726  Fig. S1. PMA and sampling controls. (A) PMA-ddPCR validation controls on known ratios of
727  heat-killed and exponentially-growing E. coli cultures. PMA-ddPCR performed on a population
728  of exponentialy-growing cells resulted in a viability score slightly above 1.0 (1.23), which was
729  likely dueto continued bacterial growth during the experiment. PMA-ddPCR performed on a
730  population of 100% heat-killed cells resulted in a viability score of 0. Populations consisting of
731  50% (by volume) heat-killed and 50% exponentially-growing cells exhibited an average viability
732  scoreof 0.69. (B) Standard curve showing correlation between PMA-ddPCR counts and CFU for
733  exponentially-growing Staphylococcus epidermidis. 95% confidence interval is shown in the

734  green shaded region. (C) The same standard curve as shown in (B) with the addition of S
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epidermidis that was not treated with PMA. (D) The effect of including 0.1% Triton X100 in

swabbing buffer used for skin microbiome sampling.
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741  Fig. S2. Copies per 20 pL ddPCR reaction without (A) and with (B) the use of PMA. These data

742  were used to calculate the viability score shown in Fig. 2.

743
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744
745  Fig. S3. Viahility score for three skin sites using lysostaphin and Saphyl ococcus-specific PCR

746  primers. The three skin sites with the most abundant bacterial DNA are shown. Half of each
747  sample was treated with lysostaphin prior to DNA isolation to assess how the viability score
748  would change. ddPCR was performed on each sample using both 16S primers (white bars) and
749  Saphylococcus-specific (black bars) primers. The dashed line indicates the average viability
750  score of non-skin microbiome sites (0.66). N=3 for all.

751
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Name Description Sequence (5' - 3') Reference
ddPCR FP (Universal bacterial | TCCTACGGGAGGCAGCAGT (34
16SgPCR FP)
ddPCR RP (Universal GGACTACCAGGGTATCTAATCCTGT | (34)
bacterial 16S gPCR RP) T

EFTU_FP Staph-specific ddPCR forward | ATGCCACAAACTCGTGAACA this paper
primer

EFTU_RP Staph-specific ddPCR reverse | ACATCGTCACCTGGGAAGTC this paper
primer

EUB338 Pan-bacterial FISH probe GCTGCCTCCCGTAGGAGT 17)

NonEUB338 Nonsense control FISH probe | CGACGGAGGGCATCCTCA (35
C. acnes FISH probe GAGTGTGTGAACCGATCATGTAGTA | (36)

GGCAA

27F Forward 16S sequencing AGAGTTTGATCCTGGCTCAG (37
primer

534R Reverse 16S sequencing ATTACCGCGGCTGCTGG (37)
primer

Table S1. Nucleotide sequences used in this study.
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