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Abstract
Background: The composition of the skin microbiome varies from infancy to adult-
hood and becomes most stable in adulthood. Adult acne patients harbour an ‘acne 
microbiome’ dominated by specific strains of Cutibacterium acnes. However, the pre-
cise timing of skin microbiome evolution, the development of the acne microbiome, 
and the shift to virulent C. acnes strain composition during puberty is unknown.
Objectives: We performed a cross-sectional pilot study in a paediatric population 
to understand how and when the skin microbiome composition transitions during 
puberty and whether a distinct ‘acne microbiome’ emerges in paediatric subjects.
Methods: Forty-eight volunteers including males and females, ages 7–17 years, with 
and without acne were enrolled and evaluated for pubertal development using the 
Tanner staging criteria. Sebum levels were measured, and skin microbiota were col-
lected by sterile swab on the subject's forehead. DNA was sequenced by whole ge-
nome shotgun sequencing.
Results: A significant shift in microbial diversity emerged between early (T1-T2) and 
late (T3-T5) stages of puberty, coinciding with increased sebum production on the 
face. The overall relative abundance of C. acnes in both normal and acne skin in-
creased during puberty and individual C.  acnes strains were uniquely affected by 
pubertal stage and the presence of acne. Further, an acne microbiome signature asso-
ciated with unique C. acnes strain composition and metabolic activity emerges in late 
puberty in those with acne. This unique C. acnes strain composition is predicted to 
have increased porphyrin production, which may contribute to skin inflammation.
Conclusions: Our data suggest that the stage of pubertal development influences 
skin microbiome composition. As children mature, a distinct acne microbiome com-
position emerges in those with acne. Understanding how both puberty and acne in-
fluence the microbiome may support novel therapeutic strategies to combat acne in 
the paediatric population.
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I N TRODUC TION

Approximately 85%–90% of individuals develop acne during 
adolescence, a time period that coincides with the onset and 
transition through puberty. The aetiology of acne is multifac-
torial and linked to follicular hyperkeratinization, hormonally 
triggered sebum production, Cutibacterium acnes (C.  acnes) 
and inflammation.1,2 It is well established that the physical and 
biochemical properties of the skin are influenced by puberty 
and that skin colonization by microbes is influenced by mois-
ture and sebum levels.3–6 The composition of the skin micro-
biome is also linked with acne pathogenesis.7 Thus, dissecting 
the role of the evolving skin microbiome in response to puberty 
versus changes related to acne development is challenging.

Our understanding of how the skin microbiota contribute 
to acne development is incomplete. Adult acne patients har-
bour an ‘acne microbiome’ dominated by specific strains of 
C. acnes7 and acne severity is associated with loss of C. acnes 
diversity.8–10 Compared with strains in healthy individuals, 
acne-associated strains of C. acnes contain extra virulence 
related genes,11 produce more porphyrins,12 trigger a pro-
inflammatory response13,14 and contain more antibiotic 
resistance elements.7,15 Yet, when the ‘acne microbiome’ de-
velops and when the shift in C. acnes strain composition oc-
curs during puberty is unclear.

To understand when the skin microbiome composition 
transitions during puberty and whether a distinct skin microbi-
ome emerges in paediatric acne subjects, we performed a cross-
sectional pilot study in children 7–17 years old. We identified 
key skin microbiome alterations associated with both pubertal 
transition and acne skin, all of which may support novel ther-
apeutic strategies to combat acne in the paediatric population.

M ATER I A L S A N D M ETHODS

Human subjects

This study was approved by the Institutional Review Board 
of the Penn State College of Medicine. Forty-eight volun-
teers, including males and females, ages 7–17 years, with 
and without acne were enrolled after providing informed 
assent with written informed parental consent. At the study 
visit, dermatologists assessed the pubertal stage according to 
Tanner stage (T1-T5) criteria, and acne severity was assessed 
using the 5-point investigator global assessment (IGA) scale 
(Figure 1a, Supplementary Methods).16–18 All children were 
healthy with no underlying skin/medical conditions other 
than acne, if present. All acne subjects had mild-to-moderate 
acne. The menstrual cycle or use of OCPs was not recorded 
for females. No subject had a history of systemic retinoid use. 
A chart review of the 12 months prior to study enrolment did 
not identify systemic or topical antibiotic exposure for any 
subject. Exclusion criteria included use of topical antibiotics, 
benzoyl peroxide or salicylic washes within 2 weeks prior to 
the start of the study; and use of topical retinoids, oral anti-
biotics, dermabrasion or facial laser therapy within 4 weeks 

prior to the start of the study. Demographic and clinical data 
are provided in Tables S1 and S2.

Sebum measurements

Sebum output was measured by Sebumeter 810™ 
Instrumentation. Measurements were captured from the 
left, centre and right regions of the forehead prior to skin 
microbiome sampling and averaged for the overall sebum 
level (μg/cm2).

Microbiome sampling

A 7  cm2 area of the forehead was scrubbed with 
a pre-moistened sterile, synthetic fibre swab with 

F I G U R E  1   Experimental design and subject demographics. (a) 
Schematic of cohort characteristics and body site location of sebum and 
skin microbiota collection. (b) Mean sebumeter reading (μg/cm2) for each 
subject (dot) stratified by Tanner stage and disease status. (c) IGA score 
for each acne patient by Tanner stage. M – male, F – female, A – acne, 
N – normal, IGA – investigator global assessment of acne disease, WGS 
- whole genome sequencing.
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moderate pressure for 30 s and stored −80°C until se-
quencing (Supplemental Methods). Negative sampling 
control samples were collected throughout the study: swab 
with air exposure for 30 s (n = 5). Two positive mock com-
munity controls were included, a generalized community 
control (ATCC MSA-1005) and a skin-specific community 
control (ATCC MSA-1002).

Metagenomic sequencing, processing and 
taxonomic identification

Frozen swabs were shipped to Microbiome Insights (British 
Columbia, Canada) for DNA extraction, library prepara-
tion and sequencing (Supplemental Methods). Sequencing 
was performed by Illumina NextSeq sequencing (2 × 150 
paired-end reads) and included one negative sequencing 
control sample. Positive and negative controls were pro-
cessed in parallel with patient samples (Figure S1). Initial 
quality evaluation was done using FastQC (v0.11.5).19 
High-quality reads were mapped to the human ge-
nome (GRCh37) and human sequences were removed. 
Remaining sequences underwent taxonomic profiling with 
MetaPhlAn2.20,21 The median number of high-quality fil-
tered reads per sample was 2,840,816 (Table S3). Samples 
with >50,000 non-human quality-controlled reads were 
included in analyses.21,22

Diversity analyses and statistics

We identified a total of 321 species. Prior to analyses, we re-
moved species that were present in positive controls (10 spe-
cies) or those only detected within a single patient sample (101 
species; <1% relative abundance, Table S4). Negative sampling 
controls contained >90% Escherichia; thus, sequences corre-
sponding to Escherichia were removed from all samples be-
fore analysis (Figure S1c, Supplemental Methods). All further 
analyses were done with the remaining 219 species: 201 bacte-
ria, 16 viruses, 1 Eukaryota, and 1 unclassified group. Samples 
were normalized to sequencing depths (Table S3). Individual 
taxa, relative abundances and Shannon Diversity indices (α-
diversity) of microbial community were compared by the 
Wilcoxon rank-sum test. Bray–Curtis dissimilarity index (β-
diversity) was compared using Permutational Multivariate 
Analysis of Variance (PERMANOVA).23 p-values were ad-
justed by the Bonferroni Correction (adj. p-value), where in-
dicated. Viral sequences dominated 8 of 48 samples, but no 
significant association between viral relative abundance and 
demographic (age, sex, ethnicity) or clinical data (sebum lev-
els, Tanner stage, IGA score) were found.

Cutibacterium acnes strain identification

Cutibacterium acnes genomes (n = 283 genomes represent-
ing 248 unique strains) available in NCBI (https://www.

ncbi.nlm.nih.gov/genom​e/brows​e/#!/proka​ryote​s/1140/) on 
7 October 2020 were utilized to identify C. acnes strains in 
our dataset. StrainEst (v1.2.4) was used to build an index 
of single nucleotide variants (SNV) present in the C. acnes 
genomes (mapgenomes, map2snp) and to identify strains in 
our dataset using default parameters except for a 3× cover-
age threshold.24 Identified C.  acnes strains were classified 
by single locus sequence type (SLST) classification based 
on homology to the SLST sequence (overlaps PPA2385 and 
PPA2386 hypothetical proteins) identified by Scholz and 
colleagues.25

Metabolic profiles

Functional analysis was performed with HUMAnN2 
using the default analysis pipeline. UniRef identifiers 
were converted to KEGG Orthology (KO) terms. 7134 KO 
terms were used as input into MicrobiomeAnalyst26 on 16 
October 2020 using its default filtering parameters. After 
quality filtering, 4572 KO terms were used in subsequent 
pathway enrichment analysis. FDR of q = 0.05 (Kruskal–
Wallis) identified enzymes and pathways of biological 
interest.

R E SU LTS

Sebum production and acne disease severity 
increase with pubertal development

Normal and acne subjects (7–17 years old) were enrolled after 
providing written informed assent under an IRB approved 
protocol (Figure  1a, Supplementary Methods). Consistent 
with prior studies, sebum production significantly increased 
throughout puberty.27–29 Mean sebum output was 3.5 times 
higher in late puberty (T3-T5) compared with early puberty 
(T1-T2) (Figure  1b). In general, sebum levels were signifi-
cantly higher (40%) in subjects with acne compared with 
subjects without acne (p = 0.038).

Acne disease severity also significantly increased with 
later stages of pubertal development (Figure 1c). Acne pa-
tients in early puberty had less severe acne (mean ± SEM; 
IGA 1.125 ± 0.125, almost clear) than those in late pu-
berty (IGA 2.26 ± 0.168, mild to moderate) (Figure  1c), 
confirming previous reports that acne severity increases 
with pubertal development.30,31 Thus, our patient cohort 
is consistent with published studies on the key metrics 
of sebum production and acne severity during pubertal 
development.32–34

Acne status influences the skin microbiome in 
late puberty

We examined the association of clinical and demographic 
covariates with microbiome composition. After adjusting for 
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sex and Tanner stage, only acne status was significantly asso-
ciated with microbiome composition (p = 0.046) (Figure 2a). 
We divided our cohort into two groups, T1-T2 (early pu-
berty) and T3-T5 (late puberty) based on a principle coor-
dinate analysis showing that T1-T2 samples segregated from 
T3-T5 samples (Figure S2); this natural separation allowed 
for a greater number of subjects per group for subsequent 
comparisons (Figure  2b). Both α-diversity and β-diversity 
were significantly different (p < 0.05) between early and late 
puberty regardless of acne status (Figure S2), suggesting that 
pubertal stage is a strong driver of skin microbiome compo-
sition. This transition point coincided with increased sebum 
production (Figure 1b). After controlling for puberty, there 
was no difference in α-diversity between normal and acne 
skin (Figure  2c). Similarly, β-diversity analysis showed no 
difference in early puberty; however, in late puberty, the pres-
ence of acne significantly impacted β-diversity (Figure 2d,e). 
Collectively, these data indicate that puberty strongly influ-
ences the skin microbiome and that a distinct microbiome 
associated with the presence of acne emerges in late puberty.

Individual species are influenced by puberty

Next, we asked whether puberty or acne impacted indi-
vidual species. The relative abundance of the 10 most abun-
dant bacteria is shown for each individual, stratified by 
Tanner stage and disease state (Figure 3a; Tables S5–S7). As 

expected, C. acnes was the most abundant species and the 
relative abundance increased during puberty in both nor-
mal and acne skin (Figure 3a,b). In acne skin, C. acnes was 
significantly higher in late puberty (61.7%) compared with 
early puberty (28.7%) (p = 0.022) (Figure 3b). However, when 
controlling for puberty, the relative abundance of C. acnes 
was not significantly different between normal and acne 
skin. In all, the relative abundance of C. acnes increased with 
puberty, but was not significantly different between normal 
and acne skin.

Nine bacterial species were significantly more abundant 
in early puberty, independent of acne status (Figure 3c), high-
lighting the loss of microbial diversity that occurs during the 
transition from childhood to adulthood. The predominance 
of Streptococcus in younger children is consistent with pre-
vious findings.35 Similar to previous findings, the fungal 
species, Malassezia globosa was detected in 39/48 (81%) sam-
ples with an average relative abundance of 4.35% (Figure 3a, 
Table  S5).36 Sixteen viral species were detected in at least 
one sample (Figure S3). We also identified species that were 
uniquely present in either normal skin or acne skin: 45 spe-
cies (37 bacteria, 8 viruses) were only present in normal skin 
(Table S8) and 16 species (14 bacteria, 2 viruses) were only 
present in acne skin (Table S9). However, after controlling 
for puberty, no bacterial, fungal or viral species was signifi-
cantly different between normal skin and acne skin, suggest-
ing that the entire community composition, rather than a 
single species, contributes to the acne microbiome.

F I G U R E  2   Puberty and acne affect microbial α- and β-diversity. (a) Association between covariates and microbiome composition, before (column 
2) and after (column 3) controlling for Tanner stage (T1-T2 vs. T3-T5) and sex. (b) Demographic characteristic of T1-T2 (early puberty) and T3-T5 (late 
puberty) comparison groups. (c) α-diversity between normal and acne skin; stratified by early (T1-T2) and late (T3-T5) puberty; Wilcoxon rank-sum test. 
β-diversity between normal and acne skin in (d) early puberty (T1-T2) and (e) late puberty (T3-T5); PERMANOVA
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C. acnes strain composition on skin is 
influenced by puberty and acne

Adult acne patients harbour specific strains of C.  acnes 
associated with either acne or healthy skin.7,37,38 Given 
that these prior findings were observed in adults, we in-
vestigated whether puberty inf luenced strain level com-
position in our paediatric population. We identified a 
total of 167 unique C. acnes strains. On average, each sub-
ject harboured ~34 unique strains (range 9–54) showcas-
ing vast interpersonal variability. We could not identify 
the specific C.  acnes strains in 5 samples, even though 
C.  acnes was identified on the species level in these 

samples. We next grouped identifiable C.  acnes strains 
by phylogenetic similarity using single locus sequence 
typing (SLST) classification scheme25 resulting in 11 
unique clusters (Figure 4, Tables S10, S11; phylotype des-
ignations are noted in brackets).39–41 α- and β-diversity 
comparisons were assessed as follows: (1) ‘early normal 
(EN)’ versus ‘early acne (EA)’; (2) ‘early normal (EN)’ vs 
‘late normal (LN)’; (3) ‘early acne (EA)’ versus ‘late acne 
(LA)’ and (4) ‘late normal (LN)’ versus ‘late acne (LA)’ 
(Tables S12–S15).

There was a significant shift in β-diversity between EN 
and LN skin (Figure 4a). β-diversity of C. acnes strains was 
significantly different between LN and LA skin (Figure 4b) 

F I G U R E  3   Species relative abundance in normal and acne patients. (a) Relative abundance of the top 10 most abundant bacteria, the single 
fungal species (Malassezia globosa), and the total viral species detected (16 individual species) for each individual patient (column). *Species that are 
significantly different between early- and late-stage puberty. (b) Relative abundance of C. acnes by disease state and Tanner stage; Wilcoxon rank-sum 
test. (c) Differentially abundant taxa between early puberty (T1-T2) and late puberty (T3-T5); Wilcoxon rank-sum test with significance after multiple 
test adjustment accounting for the 219 species comparisons; p < 0.05

Normal Acne
T1-T2 T1-T2T3-T5 T3-T5

1

0

0.2

0.4

0.6

0.8

R
el

at
iv

e 
A

bu
nd

an
ce

Cutibacterium acnes

Streptococcus mitis oralis pneumoniae *

Streptococcus thermophilusStaphylococcus epidermidis

Enhydrobacter aerosaccus

Neisseria unclassified

Haemophilus parainfluenzae

Streptococcus sanguinis *

Staphylococcus caprae capitis

Haemophilus influenzae *

Malassezia globosa (Fungi) 

Viruses Other

(a)

(c)(b)

%
 R

el
at

iv
e 

A
bu

nd
an

ce
 +

 S
E

0

6

4

2

T1-T2

T3-T5

Streptococcus mitis oralis pneumoniae

Actinomyces oris

Streptococcus australis

Neisseria sicca

Streptococcus infantis

Granulicatella elegans

Rothia mucilaginosa

Streptococcus sanguinis

Haemophilus influenzae

****
**

*
*

*

Normal
p = 0.16

Acne
p = 0.022

T1-T2 T3-T5 T1-T2 T3-T5

0.0

1.0

0.75

0.5

0.25R
el

at
iv

e 
Ab

un
da

nc
e

Tanner Stage 

 14683083, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jdv.18616 by U

niversity of C
alifornia - L

os A
nge, W

iley O
nline L

ibrary on [10/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



6  |    
EVOLUTION OF THE FACIAL SKIN MICROBIOME DURING PUBERTY IN NORMAL AND ACNE 

SKIN

but was not significantly different between EN vs EA 
(p = 0.50) or EA vs. LA (p = 0.87) skin types.

Within specific SLST clusters A [IA1], D [IA1] and F 
[IA2], significant shifts in α-diversity between EN and LN 
were observed (Table  S12). α-diversity within SLST clus-
ter A significantly increased (p = 0.007) in LN compared 
with EN, while α-diversity within SLST clusters D and F 
significantly decreased in LN (p = 0.027 and p = 0.044, re-
spectively). α-diversity for SLST D and H [1B] significantly 
increased in LA compared with LN (p = 0.047 and p = 0.04, 
respectively). Similar to α-diversity, significant shifts in β-
diversity for each of the SLST A, D and F clusters were 
found between EN and LN (Figures  4c,d, Table  S13). β-
diversity was significantly altered between EA and LA for 
SLST H (p  =  0.046). Collectively, C.  acnes strains classi-
fied within the SLST clusters of A, D and F are most af-
fected by puberty, while SLST cluster H was most affected 
by the presence of acne. The biological relevance of these 
findings remains to be determined but may highlight new 
strategies for acne treatment.

Metabolic pathways are significantly enriched in 
late acne skin

To understand the functional consequences of these al-
tered microbial communities, sequences were annotated 

by KEGG Orthology (KO) terms and analysed with 
MicrobiomeAnalyst.26,42,43 The functional profiles of EN, 
LN, EA and LA were very similar; yet, variations were evi-
dent, suggesting functional differences exist (Figure  5a). 
405 KO terms were significantly different between the 
groups by univariate analysis (Kruskal–Wallis, FDR 
q  =  0.05). Using network mapping to identify pathways 
associated with these KOs, 10 KEGG metabolic pathways 
were identified, two of which were significant: histidine 
metabolism, and porphyrin and chlorophyll metabolism 
(FDR q  =  0.05) (Figure  5b, Table  S16, Figure  S4). Sixty-
nine unique enzymes were associated with the pathways 
identified in Figure 5b (Table S16).

The relative abundance of the majority of the KO terms 
(355/405; 88%) was increased in LA compared with the other 
groups, and zero features were enriched in LN skin. The 
functional profiles of LA are clearly distinct and predict a 
metabolically active acne microbiome with increased por-
phyrin, histidine and propanoate metabolism (Figure 5c–e; 
Table S17; Figure S4).

DISCUSSION

In this cross-sectional pilot study, we found that pu-
berty strongly influences the microbiome composition 
in sebaceous skin. In line with prior studies in adults, we 

F I G U R E  4   Cutibacterium acnes strain composition is influenced by pubertal development and acne. (a) Principal Coordinates Analysis (PCoA) 
plot visualizing Bray–Curtis Dissimilarity Index (β-diversity) of SLST clusters in normal patients grouped by Tanner stage; β-diversity statistics with 
PERMANOVA; T1-T2 versus T3-T5, p = 0.0002. (b) PCoA plot of SLST clusters in T3-T5 stratified by normal and acne skin; PERMANOVA; normal 
versus acne, p = 0.021. (c) β-diversity of SLST cluster A [IA1] in normal subjects grouped by Tanner stage; PERMANOVA; T1-T2 vs T3-T5, p = 0.011. 
(d) β-diversity of SLST cluster F [IA2] in normal subjects grouped by Tanner stage; PERMANOVA; T1-T2 versus T3-T5, p = 0.009. (e) Average relative 
abundance of each SLST cluster and phylotype [brackets] by Tanner stage and disease status. SLST X cluster is unclassified.
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demonstrated that microbial composition is altered in acne 
skin of children in the later stages of puberty.7,44 A signifi-
cant shift in both α-diversity and β-diversity occurred be-
tween early and late puberty which was characterized by a 
decrease in bacterial diversity and an increase in the relative 
abundance of C. acnes. Further, both puberty and acne sta-
tus impacts C. acnes strain composition in children. As chil-
dren mature and develop acne, a distinct skin microbiome 
emerges characterized by decreased bacterial diversity, al-
tered C. acnes strain colonization, and an altered metabolic 
signature of increased porphyrin, histidine and propanoate 
metabolism.

Our data highlights a significant transition point for the 
facial skin microbiome between early and late puberty. This 

transition coincided with increased sebum production. The 
Tanner scale for sexual maturity documents changes in sec-
ondary sexual characteristics which are responsive to sex 
hormones.16,17 Increased androgen production and signal-
ling facilitates remodelling and increased activity of the pi-
losebaceous unit resulting in a new microbial habitat. Thus, 
enabling C.  acnes, a follicle and sebum-loving microbe to 
dominate the microbial landscape in high sebum areas, while 
dry-loving microbes decrease in numbers.3,5,7,28 Similarly, a 
significant transition in the skin microbiome of the nares 
and forearm occurred between mid and late puberty (T1-T3 
vs. T4-T5).45 Shifts in the microbial composition are likely 
due to the action of sex hormones influencing the skin's 
biochemical and physical properties.46 Altogether, these 

F I G U R E  5   Functional profiles show active metabolic state in late acne skin. (a) PCA plot illustrating functional composition of all four groups; 
generated by MicrobiomeAnalyst; circles are 95% confidence intervals for respective datasets. (b) Ten metabolic pathways and the number of significant 
enzymes out of the total number of enzymes affiliated with each pathway. Pathways marked with an * and in bold text are significant by Kruskal-Wallis 
FDR <0.05. (c) Heatmap showing the 16 significant enzymes associated with KEGG pathway: Porphyrin and chlorophyll metabolism. Heatmap represents 
high (red) and low (blue) expression of each individual enzyme of the four groups. (d) Heatmap of the 10 significant enzymes associated with histidine 
metabolism. (e) Heatmap of the seven significant enzymes associated with propanoate metabolism.
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data suggest that different skin microenvironments (dry, 
moist, sebaceous) may mature asynchronously throughout 
puberty,4,5,45 but once the skin's environment has ‘evolved’ 
enough, a microbial shift to the adult-like state occurs.

Strain diversity exists within the C.  acnes species.7,11,13 
Nearly 70% (167/248) of sequenced C.  acnes strains were 
identified in this study. Surprisingly, six samples had no 
identifiable C.  acnes strains, even though C.  acnes was 
clearly detected at the species level in 5 of 6 samples. Of 
these, 3 of 5 were obtained from subjects in pre-puberty (T1) 
suggesting that the young paediatric population may have 
unique C. acnes strain composition. Sampling of children is 
therefore necessary to accurately capture C. acnes diversity 
in humans.

Our data highlight the impact of puberty and acne on 
unique SLST clusters, namely that diversity among C. acnes 
strains within SLST A [IA1], D [IA1] and F [IA2] clusters 
are more influenced by puberty, while diversity in SLST H 
[IB] is more influenced by the presence of acne. While this 
suggests that strains within these clusters are contributing 
to overall skin health or skin disease, it also suggests that 
the ability of each C. acnes strain to establish residence on 
the skin may be influenced by unique factors. We found 
that puberty and presumably increased sebum production, 
strongly influences the diversity of SLST A, D and F clus-
ters in our paediatric cohort. Although not observed in our 
study, an increased abundance of SLST A (specifically A1) 
or SLST F strain types have been associated with acne skin 
in adults.47,48 However, SLST H diversity has not previously 
been associated with acne skin. Changing diversity within 
these clusters during puberty may influence the develop-
ment of acne in adults.

The microbial functional profiles of acne skin in late 
puberty are clearly distinct from early puberty acne skin 
and healthy skin. This profile predicts a metabolically 
active community with increased porphyrin metabolism. 
All 16 significantly enriched KO terms associated with 
this pathway are directly involved in porphyrin synthesis 
(Figure S4). Porphyrins are pro-inf lammatory metabolites 
important in vitamin B12 synthesis.49 Vitamin B12 supple-
mentation in humans represses B12 synthesis in C. acnes 
and increases bacterial porphyrin biosynthesis and the host 
inf lammatory response.50 Acne skin-associated C.  acnes 
strains respond to B12 supplementation by increasing por-
phyrin production, while healthy skin-associated C. acnes 
strains do not.12,49 Riboflavin metabolism (vitamin B2) 
and thiamine metabolism (vitamin B1) pathways were 
also enriched in late acne skin with riboflavin metabolism 
feeding directly into the porphyrin and chlorophyll me-
tabolism pathway. Three of the top 10 metabolic pathways 
enriched in late acne skin involve vitamin B metabolism 
suggesting that vitamin B metabolism is active and likely 
contributes to increased porphyrin production and skin 
inf lammation.

We recognize that our sample size in this cross-
sectional study is limited and unequal distribution of 
subjects between Tanner stages could inf luence results; 

thus, we analysed our cohort by early (T1-T2) and late 
puberty (T3-T5) groups based on a natural transition in 
microbiome diversity to mitigate the inf luence of this 
unequal distribution. This study was not powered to de-
tect differences in microbial composition between sexes, 
mild and moderate acne subjects, the inf luence of oral 
contraceptive pills or skin products, like lotion.46,51,52 By 
study design, absolute abundance data are not available. 
We cannot exclude the possibility of sampling errors or 
sequencing errors in our study, but by including nega-
tive sampling controls, mock community controls and 
negative sequencing controls, we used best practices to 
overcome these inherent limitations and remove contam-
ination before analyses.53

In summary, puberty strongly influences changes in the 
facial skin microbiome, with a major shift in facial skin mi-
crobiome composition that coincides with elevated sebum 
production. Similar to adult patients, a distinct microbiome 
signature emerges in children with acne in later stages of 
puberty, which is characterized by the presence of unique 
C. acnes strains and increased metabolic activity, which may 
contribute to skin inflammation.
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