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Abstract

Acne vulgaris (AV) is a common dermatological disorder in adolescents, encompassing
both non-inflammatory and inflammatory lesions, with growing evidence implicating
the skin microbiome in its pathogenesis. This study analyzed skin lesion samples from
12 adolescents with AV using 16S rRNA high-throughput sequencing, with 12 healthy skin
microbiome datasets as references. A total of 4.7 million high-quality reads were obtained,
yielding 765,211 clean reads clustered into 1013 operational taxonomic units (OTUs). Micro-
bial communities in lesions differed markedly from those in healthy skin. At the phylum
level, lesions showed higher proportions of Bacteroidota and Bacillota, whereas healthy skin
was dominated by Actinobacteria. At the genus level, lesions were modestly but signifi-
cantly higher in Staphylococcus, Corynebacterium, and Peptoniphilus, while Cutibacterium was
more abundant in healthy skin. Alpha diversity analysis revealed greater species richness
and phylogenetic diversity in healthy skin, but higher evenness in lesions. Beta diversity
confirmed significant differences in community structure. Functional prediction identified
391 metabolic pathways, 163 of which differed significantly; only three were enriched in
lesions, while 160 were more abundant in healthy skin. Lipase activity was elevated in
lesions, whereas hyaluronate lyase activity was higher in healthy skin. These findings indi-
cate that healthy skin supports a richer and more functionally diverse microbial metabolism,
whereas acne lesions are associated with reduced metabolic capabilities. Overall, the acne
lesion microbiome exhibits reduced diversity, altered bacterial composition, and distinct
functional traits compared to healthy skin, underscoring the role of microbial imbalance in
acne and suggesting potential microbial targets for treatment.

Keywords: Cutibacterium acnes; follicular content; skin dysbiosis

1. Introduction
Acne vulgaris is a common inflammatory disorder of the pilosebaceous unit that

disproportionately affects adolescents and can significantly impair quality of life. Microbial
dysbiosis is increasingly recognized as a key contributor to acne pathogenesis. Rather
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than a uniform pathogen, Cutibacterium acnes comprises multiple phylotypes with distinct
pathogenic potential—some enriched in healthy skin and others associated with inflamed
lesions [1]. This shift in understanding has moved research beyond simple quantification
of C. acnes toward examining strain-level diversity and ecological interactions within the
skin microbial community.

The pilosebaceous unit hosts a complex network of microbes, including Staphylococcus
epidermidis, Corynebacterium species, and Malassezia fungi, which can modulate inflammation,
sebum metabolism, and host immune responses [2,3]. Environmental exposures—such
as humidity, pollution, antibiotic use, and skincare products—further shape microbial
composition and may exacerbate dysbiosis [4,5]. These factors are particularly relevant in
tropical regions, where high humidity and increased sebum activity create a distinct cuta-
neous microenvironment that may influence microbial growth, competition, and virulence.
Despite this, microbiome studies in tropical adolescent populations remain limited.

Metagenomics refers to whole-genome shotgun sequencing, which provides compre-
hensive insight into both taxonomic composition and functional potential. In contrast,
16S rRNA gene profiling is a targeted amplicon-based method that characterizes bacterial
community structure using conserved ribosomal gene regions. The present study employs
16S rRNA gene sequencing—rather than whole-genome metagenomics—to examine micro-
bial community differences between acne lesions and healthy skin. Although 16S-based
approaches primarily provide taxonomic resolution, advances in bioinformatics now allow
predictive functional profiling, offering insight into potential microbial activities that may
contribute to acne pathophysiology [6,7].

Most existing acne microbiome studies have focused on Western populations, leaving
important gaps in understanding microbial variation across climatic and ethnic back-
grounds. Given that warmer climates, higher baseline sebum production, and unique
cultural skincare practices can influence microbial ecology, targeted research in tropical
settings is essential for identifying population-specific microbial signatures and functional
pathways [8].

In this study, we used 16S rRNA gene sequencing to compare the skin microbiome of
acne lesions and healthy controls in a tropical adolescent population. Predictive functional
profiling was applied to explore potential microbial metabolic pathways associated with
acne, providing both compositional and functional insights into acne-related dysbiosis.

2. Materials and Methods
2.1. Study Population and Ethical Approval

This study enrolled adolescents aged 17–24 years with clinically diagnosed acne vul-
garis (AV), recruited via purposive sampling from SMK Jayawisata, East Jakarta, Indonesia.
The study protocol was reviewed and approved by the Health Research Ethics Committee
of the Faculty of Medicine, Universitas Indonesia—Dr. Cipto Mangunkusumo Hospital
(Approval No. KET-505/UN2.FI/ETIK/PPM.00.02/2024, dated 1 April 2024). Written
informed consent was obtained from all participants before enrollment. Healthy control
data were obtained from a publicly available dataset consisting of 12 Indonesian adoles-
cents matched by age (17–24 years), sex distribution, and Fitzpatrick skin type IV–V. Both
acne and control samples were sequenced using the Illumina MiSeq platform targeting the
V3–V4 region of the 16S rRNA gene, ensuring compatibility in sequencing chemistry and
read structure.

2.2. Clinical Assessment and Sample Collection

Demographic and clinical information, including allergy status, medication use, and
family history of AV, was collected through structured interviews. Skin examinations to
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confirm the diagnosis of acne vulgaris were conducted by the researcher. Acne severity was
evaluated using the Global Acne Grading System (GAGS), which categorizes acne based
on lesion type and distribution across anatomical regions. For microbiome sampling, lesion
material (including comedones and pustules) from each participant was collected and
pooled into a single composite sample prior to DNA extraction to obtain a representative
microbial profile for each individual. For each subject, 2–6 lesions were pooled into a
sterile tube containing ATL buffer (Qiagen, Hilden, Germany) and stored at −20 ◦C until
DNA extraction.

2.3. DNA Extraction and 16S rRNA Gene Sequencing

Total genomic DNA was extracted using the QIAamp DNA Micro Kit (Qiagen, Hilden,
Germany) following the manufacturer’s protocol. DNA concentration and purity were
assessed using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA) and Qubit Fluorometer (Invitrogen, Carlsbad, CA, USA). The V3–V4 hypervariable
region of the bacterial 16S rRNA gene was amplified using primers 341F and 805R. Library
preparation was performed using the Nextera XT Index Kit (Illumina, San Diego, CA,
USA). Libraries were purified with AMPure XP beads (Beckman Coulter, Brea, CA, USA),
quantified, normalized to 4 nM, pooled, and denatured according to Illumina protocols.
Sequencing was carried out on the Illumina MiSeq platform.

2.4. Bioinformatics and Statistical Analysis

Negative extraction and PCR controls (Qiagen ATL buffer processed without biological
material) were included in each sequencing batch and subjected to the same DNA extraction,
PCR amplification, library preparation, and QIIME2 (version 2024.5; https://qiime2.org)
processing steps as the study samples. ASVs detected in negative controls above 0.1%
relative abundance were considered potential contaminants and removed from the dataset
prior to downstream analyses. This filtering step was performed to reduce the impact of
low-biomass–associated contaminants commonly observed in skin microbiome studies.

All raw FASTQ files from both the acne and healthy control datasets were imported
into a single QIIME2 environment (version 2024.5) to minimize batch-related artifacts [9].
Demultiplexing and quality control were performed uniformly, followed by denoising
using Deblur with a fixed trimming length of 220 bp [10]. Representative sequences were
aligned with MAFFT (version 7.505; https://mafft.cbrc.jp/alignment/software/ (accessed
on 4 June 2025)) [11], masked, and used to construct phylogenetic trees with FastTree [12].
Taxonomic assignment was performed using the Greengenes2 (version 2024.09; Green-
genes Project, Boulder, CO, USA) reference classifier, which follows current prokaryotic
nomenclature standards (ICSP/IJSEM, LPSN, NCBI Taxonomy). The taxonomic profiles
were visualized as barplots. To ensure comparability across samples, rarefaction-based
normalization was applied at a depth of 692 reads, corresponding to the minimum se-
quencing depth in the combined dataset (Figure S1). Although this depth is low, it was
necessary to retain all acne lesion samples, reflecting the inherently low biomass of skin
microbiome specimens.

Alpha diversity indices (Shannon, Simpson, Chao1, and Faith’s phylogenetic diversity)
and beta diversity metrics (Bray–Curtis and Jaccard) were calculated to compare microbial
diversity between healthy and lesion samples. PERMANOVA tests (999 permutations) were
performed using QIIME2’s beta-group-significance function to assess group differences
in Bray–Curtis and Jaccard dissimilarities, and effect size (R2) values were extracted from
PERMANOVA outputs. Core diversity metrics were visualized using interactive boxplots
and principal coordinates analysis (PCoA) plots.
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2.5. Predictive Functional Profiling

Functional prediction was performed using PICRUSt2 (version 2.5.0; PICRUSt2 Team,
Seattle, WA, USA) [13], which maps 16S rRNA gene sequences to reference genomes to infer
KEGG Orthologs (KOs) [14], enzyme commission (EC) numbers, and MetaCyc metabolic
pathways [15]. Differential abundance analysis of PICRUSt2-predicted pathways was
conducted using DESeq2(version 1.40.0; Bioconductor/R Project, Vienna, Austria) [16] in
R. DESeq2’s internal normalization and dispersion estimation were applied, and p-values
were adjusted for multiple testing using the Benjamini–Hochberg false discovery rate
(FDR) method to obtain q-values. Log fold-change (logFC) values reported in the Results
correspond to DESeq2’s shrunken log2 fold-change estimates. Functional profiles were
visualized in R using ggplot2 (version 3.5.1; R Project, Vienna, Austria) [17] and pheatmap
(version 1.0.10; R Project, Vienna, Austria) [18] to identify microbial functions potentially
associated with acne pathophysiology.

2.6. Data Integration and Interpretation

This integrative approach enabled the identification of microbial biomarkers and
functional pathways associated with acne lesions, facilitating comparisons between lesional
and healthy skin microbiomes as well as between different lesion types.

3. Results
3.1. Sample Characteristics

This study involved 12 adolescent participants (58.4% male, 41.6% female) aged
17–24 years who met the inclusion criteria and provided informed consent. Most respon-
dents had a healthy body mass index (66.7%), with only 16.7% reporting a family history of
acne vulgaris (AV). From these participants, a total of 19 acne lesion samples (comedones
and pustules) were collected from 7 individuals who provided two lesion samples each.
Skin microbiome data from healthy controls (n = 12) sourced from a previous study were
used as a comparison group.

3.2. Microbial Composition of Acne Lesions and Healthy Skin

An analysis of 4,733,890 high-quality reads (range 3580–835,219 reads per sample)
yielded 1013 OTUs after denoising. Based on demux quality visualization, sequences
were trimmed at base position 220 to retain high-quality regions. A sampling depth of
692 reads was selected to maximize inclusion of acne lesion samples in alpha and beta
diversity analyses.

Taxonomic classification using the Greengenes2 (2024.09) database revealed distinct
microbial profiles between groups. Figure 1 displays the abundance of bacterial phyla.
Actinobacteria and Firmicutes dominated both conditions; however, Proteobacteria were
enriched in healthy skin, while Firmicutes were more prominent in acne lesions. Several
low-abundance phyla, including Planctomycetota, Cyanobacteria, and Campylobacterota,
were detected exclusively in healthy skin.

At the genus level (Figure 2, mean ± SD), Cutibacterium remained dominant in both
groups but was more abundant in healthy skin. Acne lesions showed increased levels
of Staphylococcus and Corynebacterium, along with genera detected exclusively in lesions
(Peptoniphilus, Prevotella, Dialister). In contrast, Paracoccus was unique to healthy skin. These
shifts suggest selective enrichment of inflammation-associated taxa and loss of certain
commensals in acne lesions. The detailed taxonomic composition from the phylum to
genus level is provided in Supplementary Table S1.
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Figure 1. Phylum-level microbial composition in healthy skin and acne lesions. Bars show mean
log10-transformed abundance (+1) of each bacterial phylum for healthy skin (blue) and acne lesions
(red). Healthy skin: n = 12; acne lesions: n = 19. Group differences were assessed using the
Kruskal–Wallis test with FDR correction; statistically significant results are reported in the main text.

Figure 2. Genus-level microbial composition in healthy skin and acne lesions. Horizontal bars show
log10-transformed mean abundance (+1) of the 10 most abundant genera in acne lesions (red) and
healthy skin (blue). Healthy skin: n = 12; acne lesions: n = 19. Statistical comparisons were performed
using the Wilcoxon rank–sum test; selected p-values are reported in the main text.

Although the log10-transformed mean abundances appear visually similar between
groups, non-parametric tests detected a higher relative abundance of Staphylococcus
(p = 0.037), Corynebacterium (p = 0.042), and Peptoniphilus (p = 0.048) in acne lesions com-
pared with healthy skin. These differences in relative abundance are statistically detectable
but modest in magnitude and should be interpreted with caution given the sample size
and sequencing depth.
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3.3. Microbial Diversity Analysis
3.3.1. Alpha Diversity

Alpha diversity analysis was performed using the Shannon index, Simpson evenness,
Chao1 richness, and Faith’s Phylogenetic Diversity, with results summarized in Figure 3 as
boxplots displaying median and interquartile ranges. Overall, healthy skin showed higher
microbial diversity values than acne lesions for most indices.

 
(a) (b) 

(c) (d) 

Figure 3. Alpha diversity comparisons between healthy skin and acne lesions. Boxplots display
median values and interquartile ranges (IQR) for: (a) Shannon diversity index, (b) Simpson evenness,
(c) Chao1 richness, and (d) Faith’s Phylogenetic Diversity. Healthy skin: n = 12; Acne lesions:
n = 19. Rarefied sequencing depth: 692 reads/sample. Statistical differences were evaluated using the
Kruskal–Wallis test with FDR correction, with significant results indicated as q < 0.05.

The Shannon index, which captures both richness and evenness, had a higher median
and wider distribution in healthy skin compared to lesion samples. However, this difference
was not statistically significant (H = 3.79, p = 0.0516, q = 0.0516). The Simpson-e index,
reflecting community evenness, was significantly higher in lesion samples (H = 6.32,
p = 0.0119, q = 0.0119), suggesting a more uniform taxonomic distribution, potentially due
to the dominance of fewer genera in inflamed skin. Chao1 richness was significantly higher
in healthy skin (H = 15.16, p = 0.000099, q = 0.000099), indicating that healthy skin harbors
a broader array of microbial taxa. Faith’s Phylogenetic Diversity was also higher in healthy
skin, although this difference did not reach statistical significance (H = 3.04, p = 0.0812,
q = 0.0812).
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Collectively, these findings indicate that acne lesions exhibit reduced richness and
phylogenetic diversity relative to healthy skin, whereas evenness appears higher in lesion
sites. This pattern is consistent with microbial disruption in inflammatory skin conditions.

3.3.2. Beta Diversity

Beta diversity analyses further demonstrated marked differences in overall microbial
community structure between acne lesions and healthy skin. As shown in Figure 4, Prin-
cipal Coordinates Analysis (PCoA) based on Bray–Curtis dissimilarity revealed distinct
separation between groups, with healthy skin samples clustering tightly and lesion sam-
ples displaying broader dispersion. This pattern suggests that healthy skin maintains a
relatively stable and uniform microbial structure, whereas acne lesions are characterized by
greater inter-individual variability and community disruption. A similar separation was
observed using the Jaccard distance, which considers only the presence or absence of taxa.

(a) (b) 

Figure 4. Beta diversity analysis of healthy skin and acne lesions. Principal Coordinates Analy-
sis (PCoA) based on: (a) Bray–Curtis dissimilarity (abundance-based), and (b) Jaccard distance
(presence/absence-based). Healthy skin: n = 12; Acne lesions: n = 19. Group differences were
tested using PERMANOVA, with significant p-values (p < 0.05) indicating distinct microbial
community structures.

PERMANOVA confirmed significant differences between acne and healthy skin com-
munities, with effect sizes of R2 = 0.142 (p = 0.004) for Bray–Curtis (Figure S2A) and
R2 = 0.168 (p = 0.001) for Jaccard dissimilarities (Figure S2B). Importantly, samples did not
cluster according to dataset origin or sequencing batch, indicating minimal batch effect after
uniform preprocessing and rarefaction. These findings suggest that acne vulgaris is not
only associated with changes in microbial diversity but also with substantial compositional
restructuring of the skin microbiome. Such shifts may contribute to the pathogenesis of
acne through dysbiosis and altered host–microbe interactions.

3.4. Microbial Functional Analysis

Metabolic function prediction using PICRUSt2 revealed distinct differences in pathway
profiles between acne lesion samples and healthy skin. The separation observed between
sample types suggests functional divergence in microbial communities associated with acne
pathology. A total of 391 metabolic pathways were predicted across all samples, including
both lesion and healthy skin groups. For clarity, only the top 30 most abundant pathways
are visualized in Figure 5 Most pathways in the heatmap displayed higher abundance
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(indicated in red) in healthy skin samples compared to lesion samples. These findings
indicate a shift in the metabolic potential of the skin microbiota related to the pathological
condition of acne vulgaris.

Figure 5. Functional pathway profiles predicted from PICRUSt2. Heatmap shows the top 30 most
abundant MetaCyc pathways in healthy skin (pink) and acne lesions (turquoise). Color intensity
reflects normalized pathway abundance. Healthy skin: n = 12; Acne lesions: n = 19. Differential
pathway abundance was assessed using Kruskal–Wallis with FDR correction, with significantly
enriched pathways defined as FDR < 0.05, p < 0.05, and |logFC| > 1.

Out of the 391 analyzed pathways, 163 showed significant differences between acne
lesions and healthy skin based on strict statistical and biological criteria (FDR < 0.05,
p-value < 0.05, and |logFC| > 1). Only 3 pathways were found to be more abundant
in lesion samples, while the remaining 160 pathways were more enriched in the healthy
skin group. To assess the reliability of functional inference, NSTI (Nearest Sequenced
Taxon Index) values were calculated for all samples. The NSTI counts are provided in
Supplementary Table S2.

Functional analysis of microbial enzymatic activity related to acne pathogenesis fo-
cused on two key enzymes: lipase (EC:3.1.1.3) and hyaluronate lyase (EC:4.2.2.1). Func-
tional predictions based on 16S rRNA data revealed differences in the relative abundance
of these enzymes between healthy skin and acne lesions. Lipase was found to be more
abundant in acne lesion samples, whereas hyaluronate lyase showed higher abundance in
healthy skin.

4. Discussion
This study presents an integrative analysis of the skin microbiome in adolescents with

acne vulgaris (AV), highlighting significant differences in taxonomic composition, microbial
diversity, and functional potential compared to healthy controls. The findings align with
growing evidence that microbial dysbiosis is a central factor in the pathogenesis of acne,
influencing both host immune responses and local skin physiology [3,19].

At the broader taxonomic level, both acne-affected and healthy skin were dominated
by members of the phylum Actinobacteria. However, the proportion of these bacteria
appeared lower in acne lesions. Interestingly, Cutibacterium was found more abundantly in
healthy skin, while lesion samples showed a higher prevalence of genera like Staphylococcus,
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Corynebacterium, and Peptoniphilus. This shift in microbial profiles is consistent with prior
research, which suggests that certain C. acnes strains, particularly the IA1 phylotype, may
promote inflammation, while others could have a neutral or even protective role [20,21].
The emergence of Peptoniphilus in acne lesions might reflect compromised skin integrity,
allowing less common or opportunistic microbes to colonize.

Beyond these dominant taxa, several phyla and genera were detected exclusively
in one group. Planctomycetota, Cyanobacteria, and Campylobacterota were found only
in healthy skin, suggesting the loss of low-abundance commensals that may normally
contribute to ecological stability. In contrast, taxa such as Prevotella and Dialister appeared
only in acne lesions, consistent with their tendency to thrive in anaerobic or inflamed
microenvironments. Their selective presence indicates that acne-associated dysbiosis
involves not only shifts in major genera but also the enrichment of organisms that may
benefit from the altered follicular milieu during inflammation.

Although additional phylum- and genus-level differences were observed, many of
these variations were small and did not reach statistical significance. These minor changes
are unlikely to have biological relevance, and the revised manuscript clarifies which find-
ings are supported by statistical analysis to prevent overinterpretation.

One notable observation is the comparable overall abundance of Cutibacterium in both
healthy and acne-affected skin. While C. acnes has long been implicated in acne, the recent
literature highlights that total abundance is less informative than strain-level diversity.
Pro-inflammatory strains, such as those belonging to phylotype IA1, are often enriched in
acne, whereas type II strains are more commonly found in healthy skin. Because 16S rRNA
gene sequencing cannot resolve taxa beyond the genus level, our results likely mask the
underlying strain-level differences. Studies by Fitz-Gibbon et al. [21] and Dagnelie et al. [22]
support this, showing that acne severity is driven by specific phylotypes rather than by
an overall increase in C. acnes. This methodological limitation is now acknowledged to
provide more accurate context for our findings.

When examining microbial richness, alpha diversity analyses revealed that healthy
skin harbored more diverse and phylogenetically rich microbial communities. This diversity
is often associated with a resilient, balanced skin microbiome [23]. In contrast, acne
lesions displayed lower richness but greater evenness, suggesting that only a few microbial
taxa dominate. Such patterns are frequently observed in inflamed environments, where
microbial selection pressures such as altered sebum levels or oxidative stress favor the
survival of specific bacteria over others [24]. Reduced diversity, as shown in previous
studies, may impair immune balance and worsen inflammation in acne [25–27].

Beta diversity, analyzed through Bray–Curtis and Jaccard distance metrics, showed
a clear separation between the acne and healthy skin groups in PCoA plots. Healthy
skin samples tended to cluster closely together, suggesting a relatively uniform microbial
profile among individuals without acne. Conversely, lesion samples were widely scattered,
indicating greater variability and instability in microbial community structure. A similar
observation was reported by a previous study which also found that acne lesions exhibited
high inter-sample diversity, suggesting a disrupted and less stable microbiome compared
to healthy skin [6,27]. These compositional differences were statistically significant, as
confirmed by PERMANOVA (p < 0.05).

These microbial differences may also reflect ecological pressures associated with tropi-
cal environmental conditions. High humidity and consistently warm temperatures increase
skin hydration and stimulate sebum production, providing a nutrient-rich environment
that selectively favors lipophilic and moisture-tolerant microbes [4,8]. These factors may
help explain the reduced richness and altered taxonomic profiles observed in acne le-
sions, where elevated sebum levels and follicular occlusion create conditions conducive
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to the overgrowth of specific taxa while suppressing others [3]. Additionally, variations
in perspiration levels, air pollution, and local skincare habits common in tropical climates
may further modulate microbial community structure [5]. Taken together, these environ-
mental influences highlight the importance of examining acne-related dysbiosis within
region-specific ecological contexts.

Acne vulgaris typically begins with a non-inflammatory phase characterized by the
formation of early lesions due to microbial colonization, particularly by Cutibacterium acnes.
During this stage, microbial load in hair follicles tends to be high, likely due to the rapid
proliferation of C. acnes in the occluded follicular environment. This microbial overgrowth
eventually triggers an immune response, marking the transition to the inflammatory phase,
indicated by the appearance of papules and pustules. In this phase, immune cells such as
neutrophils actively eliminate microorganisms through phagocytosis and the release of
inflammatory mediators. As a result, microbial abundance decreases in inflamed lesions,
suggesting that microbial communities are more abundant in non-inflammatory lesions
than in inflammatory ones due to increased host immune activity [28].

Heatmap visualization reveals distinct patterns of metabolic pathway distribution be-
tween groups. These differences suggest potential biological relevance, possibly reflecting
more complex microbial interactions or specific pathways involved in lesion development.
Although predictive in nature, these findings provide an initial perspective on the func-
tional shifts in the skin microbiome associated with acne [28]. The results highlight the
importance of applying integrative multi-omics approaches, such as metatranscriptomics
or metabolomics, for a deeper exploration of microbial roles in acne pathogenesis [29,30].

Skin affected by acne lesions showed fewer and less diverse metabolic pathways
compared to healthy skin. This likely reflects a loss of important microbial functions or
a general drop in microbial metabolic activity in acne-prone areas. On the other hand,
healthy skin had a richer and more diverse set of pathways, suggesting a more balanced
and stable microbiome. These functional differences may help explain why healthy skin is
better at maintaining barrier integrity and resisting inflammation [31].

The enrichment of pyrimidine biosynthesis pathways may reflect increased nucleotide
turnover or microbial activity associated with inflamed skin microenvironments. This path-
way is essential for immune cell proliferation and has been linked to inflammation; in fact,
its inhibition has been used in treating autoimmune conditions like rheumatoid arthritis.
The presence of this pathway may reflect the inflammatory nature of acne lesions [32].
Additionally, we observed a higher abundance of isoprenoid biosynthesis pathways in the
lesions. These compounds help bacteria stabilize their membranes in harsh environments
by producing hopanoids, which act like sterols. This likely represents a microbial response
to stressors such as oxidative damage, pH changes, and osmotic pressure within acne
lesions. Together, these findings highlight how microbial functions may shift in response to
the inflammatory environment of acne-affected skin [33].

One of the pathways more abundant in healthy skin, PWY-7090, is involved in the
biosynthesis of UDP-2,3-diacetamido-2,3-dideoxy-α-D-mannuronate, a nucleotide-sugar
component of bacterial surface polysaccharides such as O-antigens in lipopolysaccha-
rides (LPS) of Gram-negative bacteria. This pathway plays a critical role in mediating
microbial-host immune interactions. Its presence in the healthy skin microbiota suggests a
contribution from commensal Gram-negative bacteria in maintaining an immunologically
balanced and tolerant skin environment. The activity of PWY-7090 may help sustain mi-
crobial homeostasis and support the skin’s natural defense mechanisms against pathogen
colonization and excessive inflammation [34].

Moreover, the diverse metabolic pathways identified in healthy skin samples suggest
a balanced biosynthetic and degradative activity, including fatty acid metabolism, vitamin
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biosynthesis, and denitrification. This diversity supports a competitive yet complementary
microbial community that contributes to the integrity and physiological function of healthy
skin [31].

Cutibacterium acnes is known to produce various enzymes, including lipases, proteases,
phosphatases, hyaluronate lyases, and neuraminidases, which can directly damage the hair
follicle structure, sebaceous glands, and extracellular matrix. These enzymatic activities
exacerbate local inflammation and accelerate lesion progression. Specifically, free fatty
acids produced by lipase activity are implicated in comedogenesis [6]. Functional analysis
of lipase and hyaluronate lyase predicted a slightly higher abundance of lipase in acne
lesions than in healthy skin. This aligns with previous studies linking increased C. acnes
lipase activity to acne severity. Lipase contributes to the hydrolysis of sebum triglycerides
into free fatty acids, which can induce irritation, disrupt skin barrier integrity, and activate
inflammatory responses in the pilosebaceous unit. Previous research reported that C. acnes
strains associated with severe acne exhibit higher lipolytic activity compared to strains
from mild to moderate cases. Elevated lipase activity may result in increased free fatty acid
levels, known to promote comedone formation and inflammation [35,36].

Hyaluronate lyase is another enzyme involved in acne pathogenesis. In this study,
hyaluronate lyase was predicted to be more abundant in healthy skin than in lesion samples.
Recent studies have identified two major variants of hyaluronate lyase in C. acnes: HylA
and HylB [37,38]. HylA produces large hyaluronic acid fragments that trigger strong
inflammation, whereas HylB generates smaller, anti-inflammatory fragments. In healthy
skin, hyaluronidase is still expressed but exhibits different activity and effects. The HylB
variant is more prevalent in C. acnes strains from healthy skin, playing a role in maintaining
homeostasis and reducing inflammatory potential [37].

This study has several limitations that should be acknowledged. The relatively small
number of participants reduces statistical power and limits the generalizability of the
findings. Although the observed microbial differences provide preliminary insight into
dysbiosis associated with acne lesions, these results should be interpreted as exploratory.
Larger cohorts with broader demographic representation, as well as longitudinal sampling
to capture temporal variation, will be necessary to validate these microbial patterns and
strengthen the conclusions.

The use of an external dataset for healthy controls introduces the potential for batch
effects, despite uniform preprocessing and the use of comparable sequencing platforms tar-
geting the same 16S rRNA region. Technical variation therefore cannot be completely ruled
out. Additionally, the rarefaction depth of 692 reads—selected to retain all samples—may
reduce sensitivity for detecting low-abundance taxa.

Although negative extraction and PCR controls were included and ASVs detected
above 0.1% relative abundance were removed, the possibility of residual low-biomass
contaminants (e.g., Ralstonia, Sphingomonas) cannot be fully excluded. Furthermore, because
functional inferences were generated from 16S rRNA gene profiles using PICRUSt2, these
pathway predictions are indirect and should not be interpreted as equivalent to whole-
metagenome functional measurements. The 16S approach also lacks strain-level resolution,
preventing assessment of Cutibacterium acnes phylotypes that differ in pathogenic potential.

These limitations underscore the need for larger, prospectively collected, deeply se-
quenced, and strain-resolved metagenomic datasets in future investigations. Taken together,
the data suggest that acne-affected skin is marked not only by shifts in microbial compo-
sition but also by potential alterations in microbial functional capacity. This functional
imbalance complements the taxonomic changes observed and supports the hypothesis
that the skin microbiome may contribute to acne not merely through its composition but
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through its metabolic activity, including the production of bioactive compounds that may
influence local inflammation and host skin physiology [20].

5. Conclusions
This study highlights that adolescents with acne vulgaris experience notable changes

not only in the types of microbes present on their skin but also in the biological activities
those microbes perform. Compared to individuals with healthy skin, acne lesions show a
decline in microbial diversity and a higher abundance of certain bacteria like Staphylococ-
cus and Peptoniphilus. Microbial functional predictions revealed significant differences in
metabolic pathway profiles between healthy skin and acne lesions. The majority of path-
ways enriched in healthy skin were associated with higher metabolic capacity, reflecting
a more stable and potentially protective microbial functionality. Furthermore, enzymatic
activities, particularly lipase and hyaluronate lyase, play pivotal roles in acne pathogenesis.
These enzymes demonstrated differential abundance patterns between healthy and lesional
skin, underscoring their functional relevance in follicular colonization, barrier disruption,
and inflammatory responses. These findings suggest potential alterations in the predicted
metabolic potential of the skin microbiome in acne lesions; however, confirmation using
transcriptomic, proteomic, or metabolomic approaches would be necessary to validate
these predictions.
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DNA Deoxyribonucleic Acid
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MAFFT Multiple Alignment using Fast Fourier Transform
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