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ABSTRACT The skin microbiome plays a pivotal role in human health by providing 
protective and functional benefits. Furthermore, its inherent stability and individual 
specificity present novel forensic applications. These aspects have sparked considera
ble research enthusiasm among scholars across various fields. However, the selection 
of specific 16S rRNA hypervariable regions for skin microbiome studies is not standar
dized and should be validated through extensive research tailored to different research 
objectives and targeted bacterial taxa. Notably, third-generation sequencing (TGS) 
technology leverages the full discriminatory power of the 16S gene and enables more 
detailed and accurate microbial community analyses. Here, we conducted full-length 
16S sequencing of 141 skin microbiota samples from multiple human anatomical sites 
using the PacBio platform. Based on this data, we generated derived 16S sub-region 
data through an in silico experiment. Comparisons between the 16S full-length and 
the derived variable region data revealed that the former can provide superior taxo
nomic resolution. However, even with full 16S gene sequencing, limitations arise in 
achieving 100% taxonomic resolution at the species level for skin samples. Additionally, 
the capability to resolve high-abundance bacteria (TOP30) at the genus level remains 
generally consistent across different 16S variable regions. Furthermore, the V1-V3 region 
offers a resolution comparable with that of full-length 16S sequences, in comparison 
to other hypervariable regions studied. In summary, while acknowledging the benefits 
of full-length 16S gene analysis, we propose the targeting of specific sub-regions as a 
practical choice for skin microbial research, especially when balancing the accuracy of 
taxonomic classification with limited sequencing resources, such as the availability of 
only short-read sequencing or insufficient DNA.

IMPORTANCE Skin acts as the primary barrier to human health. Considering the 
different microenvironments, microbial research should be conducted separately for 
different skin regions. Third-generation sequencing (TGS) technology can make full use 
of the discriminatory power of the full-length 16S gene. However, 16S sub-regions are 
widely used, particularly when faced with limited sequencing resources including the 
availability of only short-read sequencing and insufficient DNA. Comparing the 16S 
full-length and the derived variable region data from five different human skin sites, we 
confirmed the superiority of the V1-V3 region in skin microbiota analysis. We propose the 
targeting of specific sub-regions as a practical choice for microbial research.

KEYWORDS full-length sequencing, in silico experiment, 16S variable region, skin 
microbiota

T he skin microbiome, comprising a diverse ecosystem of bacteria, fungi, and viruses, 
plays a pivotal role in human health by providing protective and functional benefits. 

Its medical applications range from diagnosing and treating skin disorders to developing 
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personalized skincare solutions, underscoring its potential for therapeutic interven
tions (1–4). Research has particularly focused on the interaction between the 
skin microbiome and the immune system, demonstrating how microbial diversity and 
imbalances are associated with dermatological conditions (5–7). These insights are 
propelling the development of microbiome-modulating therapies. Furthermore, the 
inherent stability and individual specificity of the skin microbiome present novel forensic 
applications, where microbial traces on objects or at crime scenes may provide unique 
identifiers or insights into environmental interactions (8–12). However, the microbio
me’s variability across different skin areas, influenced by unique microenvironmental 
factors such as pH, moisture levels, and sebaceous gland activity poses challenges (13–
15). Therefore, a thorough taxonomic characterization of skin microbial communities, 
alongside the creation of uniform research protocols tailored to various skin types 
and DNA qualities (which are often compromised in forensic contexts), is critical for 
progressing in this domain. This approach will not only enhance our understanding of 
the skin microbiome’s role in medicine but also bolster the reliability and applicability 
of microbiome research in forensic science, where unique microbial signatures can be 
pivotal (9, 13, 16, 17).

Microbiome profiling typically involves amplicon sequencing of the bacterial 16S 
rRNA gene’s variable regions (V1-V9), which exhibit significant sequence diversity, 
facilitating bacterial identification and phylogenetic analyses (18–21). The selection 
of specific hypervariable regions for skin microbiome studies is not standardized but 
depends on the research objectives, targeted bacterial taxa, sequencing technology, 
and a balance between resolution, cost, and sample quality (22). The choice among 
the V1-V3, V3-V4, and V4 regions is pivotal for optimizing phylogenetic resolution, 
cost-effectiveness, and microbial diversity assessment. Although V1-V3 regions offer 
broad bacterial diversity coverage at a lower cost, they may not provide the finest 
species-level resolution. Conversely, the V3-V4 regions, preferred for Illumina sequencing 
due to their depth and breadth of bacterial detection, allow for distinguishing closely 
related taxa (23). The V4 region, compatible with universal primers and shorter read 
lengths, offers adequate resolution for many applications cost-effectively, albeit with 
reduced diversity capture compared with the combined regions. This necessitates a 
careful trade-off between taxonomic resolution and practical considerations, guiding 
researchers based on specific study requirements and constraints (16, 17).

Notably, third-generation sequencing (TGS) technology, pioneered mainly by Pacific 
Biosciences (PacBio) and Oxford Nanopore, has reached a level of maturity that enables 
the acquisition of complete or near-complete 16S rRNA gene sequences in a single, long 
read (24–28). This development enables more detailed and accurate microbial commun
ity analyses, extending to species and strain levels, and underscores the potential of 
leveraging the full discriminatory power of the 16S gene in high-throughput studies 
(21, 29). Although not yet universally adopted over short-read sequencing, PacBio’s 
full-length 16S sequencing has been instrumental in evaluating the taxonomic efficacy of 
individual or combined variable regions (30, 31).

In this study, we analyzed a data set of full-length bacterial 16S rRNA sequences 
obtained via PacBio sequencing of 141 skin samples across different human anatomical 
sites. By in silico extracting 16S sub-region data from the full data set and comparing 
microbial profiles and taxonomic hierarchies, we systematically assessed the impact 
of different sub-regions on classification efficiency. Our objective was to determine if 
certain sub-regions could achieve taxonomic resolutions comparable with full-length 
sequences, providing a valuable reference for skin microbiome researchers, especially 
those constrained to short-read sequencing platforms.
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MATERIALS AND METHODS

Sample collection

In this study, we meticulously collected 141 skin microbiome specimens from 22 
consenting volunteers. The collection comprised 30 intraaural skin (InaS) swabs from 
the external auditory canal, 31 circumaural skin (CiraS) swabs from the posterior side 
of the auricle and the retroauricular crease, 30 palmar skin (PaS) swabs, 20 nasal skin 
(NaS) swabs, and 30 oral epithelial skin (OrE) swabs. It is noteworthy that the selected 
participants exhibited no signs of chronic illnesses, dermatological issues, or any specific 
health conditions and had not undergone antibiotic treatment in the three months 
leading up to the sampling phase. Comprehensive information regarding the study’s 
objectives, methodology, and potential risks was provided to all participants, from whom 
written consent was secured, adhering to the ethical standards set forth in the Declara
tion of Helsinki (32).

The sampling procedure involved the use of sterile polyester fiber swabs, which 
were initially saturated in a sterile solution containing 0.15 M NaCl and 0.1% Tween 20, 
with the exception of the OrE swabs. For all samples, any excess solution was removed 
before application. Subsequently, the swabs were employed to meticulously collect 
samples from the skin’s surface, adopting an “S” pattern for a minimum duration of 
20 seconds and incorporating a rotating movement for the collection of InaS and NaS 
samples, ensuring a comprehensive and uniform sample collection. The protocol and all 
experimental procedures received approval and were under the continuous oversight 
of the Ethics Committee of Fudan University, documented under approval number 
2023C011, guaranteeing the adherence to ethical guidelines and integrity throughout 
the study’s course.

Full-length 16S rRNA gene sequencing

Genomic DNA was extracted using the PowerSoil DNA Isolation kit. Amplification of the 
complete 16S rRNA gene was achieved using primers 27F (AGRGTTTGATYNTGGCTCAG) 
and 1492R (TASGGHTACCTTGTTASGACTT). The PCR reaction system consisted of 15 µL 
KOD One PCR Master Mix, 3 µL mixed PCR primers, 1.5 µL genomic DNA, and 10.5 µL 
nuclease-free water, with a total volume of 30 µL. PCR conditions included an initial 
denaturation at 95°C for 2 min, followed by 25 cycles of denaturation at 98°C for 10 s, 
annealing at 55°C for 30 s, extension at 72°C for 90 s, and a final extension at 72°C 
for 2 min. Subsequently, the PCR amplicons underwent a series of processing steps 
including damage repair, end repair, and adapter ligation via the SMRTbell Template 
Prep Kit. Purification of the PCR products was achieved using AMPure PB magnetic 
beads. The DNA fragment sizes were evaluated using an Agilent 2100 bioanalyzer, and 
concentrations were determined through Qubit fluorometry.

Prior to sequencing, the library underwent primer and polymerase attachment using 
the PacBio Binding kit, followed by a final purification step with AMPure PB Beads. The 
sequenced library, meeting all quality criteria, was analyzed on the PacBio Sequel II 
system by BioMarker company (Biomarker Technologies Co. Ltd., Beijing, China). Data 
analysis was facilitated by SMRT Link Analysis software, converting sequencer-generated 
BAM files into CCS sequence files, adhering to stringent parameters (minimum number 
of passes ≥5, minimum predicted accuracy ≥0.99). Demultiplexing of CCS sequences, 
based on barcode identification, was performed using lima v1.7.0. Cutadapt v1.9.1 
software played a crucial role in filtering the CCS sequences by eliminating those 
lacking primer sequences, removing primer sequences, and selecting CCS sequences 
with lengths ranging from 1,200 bp to 1,650 bp.

In silico extraction of 16S sub-regions from full-length sequencing data

In the computational analysis of 16S rRNA gene sequences, the delineation of the V1-V9 
region represents the entirety of the full-length 16S rRNA gene for the purposes of 
this investigation. Distinct sub-regions of the 16S rRNA gene, including V1-V2, V1-V3, 
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V3-V4, V4, and V5-V9, were meticulously extracted from the comprehensive full-length 
sequences. This extraction process was guided by the specific locations of PCR primer 
binding sites, which are routinely utilized in microbiome research endeavors (Fig. 1a). The 
extraction methodology is detailed in the following procedural steps:

1. Primer pair identification: Commence by cataloging all possible primer pair 
combinations located in the conserved regions flanking the target variable 
regions. These primer pairs are then aligned with the full-length 16S rRNA 
gene sequence. Subsequently, sequences encapsulated by these primer pairs are 
extracted and preserved as Fastq format files.

2. Tolerance setting for primer matching: Implement a tolerance threshold that 
allows for up to four base mismatches within both the forward and reverse 
primers during the matching process. This flexibility aims to accommodate minor 

FIG 1 Overview of methodology and results for microbial community analysis in skin samples. (a) Schematic representation of the study’s workflow, encom

passing sample collection from various skin sites, experimental procedures, and the analytical pipeline employed for data interpretation. (b) Distribution of 

Operational Taxonomic Units (OTUs) identified in different 16S rRNA gene regions across five skin sample types: intraaural skin (InaS), circumaural skin (CirS), 

palm skin (PaS), nasal skin (NaS), and oral epithelial skin (OrE). (c) Comparative analysis of Amplicon Sequence Variants (ASVs) across different 16S rRNA gene 

regions for the InaS, CirS, PaS, NaS, and OrE.
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sequence variations, thereby ensuring a comprehensive capture of the target 
sequences.

3. Read count verification: Post-extraction, perform a quantitative assessment of the 
derived reads to verify that the capture efficiency surpasses the 98% threshold. 
This step is critical for confirming the robustness and reliability of the primer 
matching and sequence extraction process.

4. Accuracy assessment through random selection: To validate the fidelity of the 
extracted variable region sequences, a random subset of these sequences is 
selected and compared against the original full-length 16S sequences. This 
comparative analysis serves to confirm the precision of the sequence capture and 
the integrity of the variable regions extracted.

Refer to Table S1 for detailed primer specifications utilized in this study.

Data analyses

The data analysis framework encompassed a series of sophisticated bioinformatics 
procedures designed to refine and interpret the 16S rRNA gene sequencing data. Initially, 
low-quality sequences were rigorously excluded, and chimeric sequences were identified 
and excised employing the default settings of Cutadapt software. This pre-processing 
step ensured that only high-quality, authentic sequences were advanced for further 
analysis.

Subsequent to the quality filtration, representative sequences for each Amplicon 
Sequence Variant (ASV) were delineated utilizing QIIME2 software (v1.9.1) (33). This 
delineation was conducted based on both the full-length 16S rRNA gene sequences and 
their respective variable regions. The ASVs identified were then subjected to annotation 
and comparison against the SILVA database (version 138) using the q2-feature-classifier 
plugin, facilitating a precise taxonomic classification (34).

OTUs were generated at different sequence similarity thresholds (97%, 98%, and 99%) 
through the application of USEARCH software (v11) (35). Subsequently, each representa
tive OTU underwent genus-level annotation, employing the Ribosomal Database Project 
(RDP) classifier (v2.13), with a confidence threshold set at 0.8.

Diversity within the microbial communities was quantified through alpha-diversity 
(Shannon index) and beta-diversity (Bray-Curtis distances) metrics (36), calculated using 
QIIME2 software. To visualize the microbial community structure and diversity, Prin
cipal Coordinate Analysis (PCoA), Non-Metric Multidimensional Scaling (NMDS), and 
Unweighted Pair Group Method with Arithmetic Mean (UPGMA) were constructed based 
on Bray-Curtis dissimilarity matrices. These visual representations were generated using 
the ggplot2 package within the R programming environment.

For the identification of statistically significant biomarkers across different sample 
groups, Linear Discriminant Analysis Effect Size (LEfSe) analysis was conducted (37), 
setting the Linear Discriminant Analysis (LDA) score threshold to 4. The random forest 
machine learning methods were implemented with R script to predict the origin of the 
samples (38). Additionally, sequence variation within the primer-binding sites of the 16S 
rRNA gene was meticulously analyzed using custom in-house R scripts, offering insights 
into the primer specificity and efficiency across diverse microbial taxa.

RESULTS

Characterization of 16s rRNA full-length sequencing data

The comprehensive sequencing of the 16S rRNA gene from 141 skin microbiota samples 
yielded a substantial data set of 1,345,711 raw reads, with individual sample reads 
varying significantly, from a minimum of 4,314 to a maximum of 14,658 reads. Following 
the implementation of a rigorous denoising process, integral to the quality control 
measures, the data set was refined to 1,015,343 clean tags. These clean tags exhibited 
a broad range in quantity per sample, spanning from 984 to 14,064, reflecting the 
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effectiveness of the denoising process which varied widely across samples, from as 
low as 13.04% to as high as 99.28%, with an overall average effectiveness of 71.61%. 
This wide range in data quality and quantity underscores the heterogeneity inherent in 
biological sampling and the subsequent necessity for stringent quality control to ensure 
the reliability of downstream analyses.

The diversity within these samples was further evidenced by the number of ASVs 
detected, ranging from a minimal count of 10 to a substantial count of 808 ASVs per 
sample. Collectively, a total of 69,616 ASVs were identified across all samples and were 
retained for further analytical scrutiny. This data set of ASVs serves as a testament to the 
microbial diversity present across the sampled skin sites and provides a foundation for 
the subsequent analyses aimed at elucidating the complex microbial ecosystems of the 
human skin.

Taxonomic classification

Our microbial community analysis employed two distinct clustering methodologies: 
OTUs and ASVs. Implementing different clustering thresholds (97%, 98%, and 99%) 
led to variations in OTU numbers, which were influenced by different variable regions 
within the five sample types examined, as depicted in Fig. 1b. Notably, analyses using 
full-length 16S rRNA sequences identified the most OTUs. Conversely, the V3-V4 and 
V4 regions yielded fewer OTUs, whereas the V1-V3 and V1-V9 regions demonstrated 
comparable OTU counts. The distribution of ASVs among the sample types was ranked 
as follows: PaS >CiraS > OrE >InaS > NaS, as shown in Fig. 1c. Within the same sample 
category, the regions V1-V9, V1-V3, and V5-V9 revealed a higher abundance of ASVs, in 
contrast to the reduced ASV counts found in the V3-V4 and V4 regions, as shown in the 
CiraS, InaS, and OrE samples. Of note, the V4 region contained the smallest number of 
ASVs in OrE samples. However, the PaS samples exhibited a significantly different trend. A 
notably higher number of ASVs detected in the V1-V2 and V1-V3 regions of PaS samples 
compared with the V1-V9 region. NaS samples manifested the least variability in ASV 
numbers across different sub-regions.

Subsequently, we employed ASV sequence information to achieve taxonomic 
resolution of bacterial communities. Here, we take ASV sequences annotated at the 
species level in the V1-V9 region as the standard data set to compare the discrimination 
ability at the species level of different 16S rRNA hypervariable regions. This process is 
visualized in Fig. 2a, where phylogenetic trees have been constructed for unique bacteria 
at the species level. Here, we need to emphasize that for the annotation at the species 
level of different hypervariable region sequences extracted from the V1-V9 sequences, 
they must be completely consistent with the corresponding V1-V9 sequence annotation 
information. Otherwise, they will not be included, even if they are also annotated at the 
species level. Our findings reveal a notable trend: the V1-V9 region contains a higher 
number of annotated species, resulting in a markedly more dense circular branching 
pattern deeper red in the phylogenetic tree. Following that, the V1-V3 and V5-V9 regions, 
with the V4 region being the least dense, result in branches being displayed in a deeper 
blue. However, this pattern of annotation was consistent across the other 16S rRNA 
hypervariable regions for the same type of samples, with no significant differences in 
phylogenetic tree complexity. The outer donut pie charts, highlighted in green, further 
illustrate this difference. They show a progressive decrease in the number of species 
from the V1-V9 region to the V4 region, with intermediate counts in the V1-V3, V5-V9, 
V1-V2, and V3-V4 regions. Moreover, when examining the comprehensive 16S sequences, 
the phylogenetic trees for PaS and CiraS samples reveal a higher density of branches. 
This suggests a greater diversity of bacteria within these samples at the species level, 
indicating a further research on bacterial taxa needs to be fully explored or documented. 
However, reviewing the ASVs generated from the entirety of the sequencing efforts, even 
based on the full-length 16S sequence information, there is still a certain proportion of 
sequences (14%-23%) that cannot be annotated at the species level. It is worth noting 
that this proportion varies with the type of sample (Fig. 2b).
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Comparisons of microbial community structure and diversity analysis

We created stacked bar charts at both the genus and species levels for the top 30 
bacteria across different sub-regions of various sample types (Fig. 3a; Fig. S1). In these 
visual representations, distinct colors denote different bacterial taxa, and the height 
of each colored segment indicates the proportion of a given bacterium’s abundance 

FIG 2 Comparative analysis of phylogenetic trees and taxonomic annotation across hypervariable regions. ASVs are annotated at the species level in the V1-V9 

region as the standard data set. This figure features phylogenetic trees paired with donut pie charts, showcasing bacteria at the species level across various 

hypervariable regions of 16S rRNA genes from five types of skin samples studied. (a) In the phylogenetic trees constructed based on unique bacteria (V1-V9), the 

same tree is provided for each sub-region. The color of each branch indicates the proportion of bacteria within each clade that are identified to species level. In 

the donut pie charts, green segments denote the unique bacteria annotated at the species level, and blue segments represent those bacteria unannotated to the 

species level. (b) ASVs from the V1-V9 region that annotated or could not be annotated at the species level, across five types of samples studied.
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FIG 3 Overview of microbial community composition and alpha diversity metrics. (a) Depicts the distribution of the top 30 most abundant bacterial genera 

across different 16S rRNA gene regions within the five skin sample types. The “others” category represents all bacteria of lower abundance. (b) Features a box 

plot detailing the Shannon diversity index across each 16S region, with the x-axis displaying the average Shannon index values for the various sample types. 

Statistical significance is denoted as follows: **P < 0.01, ***P < 0.001, determined by t-tests.
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relative to the total bacterial abundance observed. The category labeled “others” 
represents the relative abundance of bacteria that did not rank among the top 30.

Upon meticulous examination and comparison of these charts, we observed that 
at the genus level (as shown in Fig. 3a), the microbial community structures within 
the same sample types appeared remarkably consistent across the various regions, 
including the V1-V9 region. These structures exhibited only subtle variations in their 
relative abundances. Furthermore, when we arranged the abundance values, it became 
apparent that the top three genera within the different hypervariable regions of the 
same sample types were exactly the same, underscoring a high degree of consistency at 
the genus level.

Conversely, at the species level (as shown in Fig. S1), even a straightforward vis
ual assessment reveals significant differences in microbial community compositions 
across the different 16S sub-regions within the same sample types. These differences 
were not only in terms of the relative abundances but also in their bacterial species 
present. Notably, when comparing the top 30 bacterial species by abundance across 
the hypervariable regions with the V1-V9 region, the V5-V9 region showed the highest 
similarity, with 28 species in common. This was followed by the V1-V3 region, which 
shared 25 species, whereas the V4 region demonstrated the least similarity, sharing only 
nine species.

To further our understanding of the diversity within microbial communities, we 
calculated the Shannon index, a metric that quantifies both species richness and 
evenness. The findings, illustrated in Fig. 3b through boxplots, showed a uniform trend 
across various sub-regions and sample types. Specifically, samples labeled PaS presen
ted the highest Shannon index values, indicating the most diverse microbial commun
ity, whereas InaS displayed the lowest values, suggesting a less diverse community 
composition.

Interestingly, when comparing samples of the same type across different 16S rRNA 
gene regions, the highest average Shannon index was not found in the V1-V9 region, 
but rather in the V1-V3 region. Conversely, the V4 region was associated with the lowest 
diversity index. This indicates that the V1-V3 region might be more reflective of microbial 
diversity in skin samples.

Through t-test analysis, significant differences in the Shannon index values among the 
different sample types were identified, with statistical significance denoted by asterisks 
(P < 0.05). This suggests that the diversity of microbial communities varies notably 
across different environmental or biological contexts. However, it is noteworthy that the 
differences in species richness indicated by the Shannon index were less marked in the 
V1-V9 region compared with other regions. This pattern was particularly evident among 
the PaS, CiraS, NaS, and OrE samples.

Comparative analyses among five distinct skin sample types

PCoA and NMDS were meticulously conducted to explore the microbial community 
structures within five different skin sample types, with findings presented in both 
two-dimensional and three-dimensional scatter plots (refer to Fig. 4; Fig. S2). The 
analyses aimed to discern patterns of similarity and dissimilarity based on variations 
within the 16S rRNA regions across the sample types. Notably, the OrE samples, 
represented in red within the scatter plots, demonstrated a pronounced clustering effect, 
distinctly segregating from the other sample types. This clear demarcation underscores 
the unique microbial signature of the OrE samples. The InaS samples, marked in green, 
also showed a coherent clustering but to a lesser extent, suggesting a distinguishable yet 
closely related microbial community composition in comparison to other sample types. 
Conversely, the samples associated with CiraS, PaS, and NaS exhibited considerable 
overlap in their clustering patterns. This convergence indicates a significant challenge 
in differentiating among these sample types based solely on their microbial 16S rRNA 
profiles. The intermingling of the CiraS, PaS, and NaS samples highlights the complex 
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interplay and potential similarities in the microbial communities present in these diverse 
environmental contexts.

The construction of a phylogenetic tree, utilizing the UPGMA algorithm, corroborated 
the insights gained from the earlier PCoA, as illustrated in Fig. S3. This phylogenetic 
analysis further substantiates the lack of significant differences in the clustering of 
microbial communities among the varied 16S regions, aligning with the PCoA findings. 
Specifically, the OrE samples, highlighted in red, exhibited the most coherent and 
distinct clustering within the phylogenetic tree. In stark contrast, the CiraS, represented 
in purple, displayed the least effective clustering. This alignment between the UPGMA-
based phylogenetic tree and the PCoA results highlights the complexities of microbial 
community compositions that transcend simple classification based on 16S rRNA gene 
regions. The detailed analysis reveals both the distinctiveness and the subtleties of 
microbial associations across diverse skin samples, underscoring the intricate relation
ships within microbial ecosystems.

Identification of bacterial biomarkers across diverse skin types and construc
tion of random forest prediction model

We employed the LEfSe method to identify microbial biomarkers among the five types 
of samples, with a stringent threshold for significance (LDA score >4, P < 0.05) (Table S2). 
Overall, the number of potential biomarkers selected based on the V1-V9 sequence is 
less than that from other 16S sub-regions (Fig. 5). The majority of biomarkers identi
fied from V1-V9 region were included within the set of bacterial biomarkers within 
the sub-regions. Additionally, the extra biomarkers identified in other 16S sub-regions 
compared with the V1-V9 region tend to exhibit lower LDA scores, such as Enterococcus 
and Enterococcaceae in InaS sample; Chryseobacterium, Enhydrobacter, and Moraxella in 
CiraS sample; Micrococcales in PaS sample; Roseimarinus and Klebsiella in NaS sample; 
and Rothia and Micrococcaceae in OrE sample. It is noteworthy that the biomarker 
Clostridia at the class level, identified in the V1-V2, V1-V3, V3-V4, and V4 regions in the 
OrE sample, was not detected in the V1-V9 region, and it has the highest LDA value.

FIG 4 Three-dimensional principal coordinate analysis (PCoA) plot for different types of skin samples using the Bray-Curtis distance matrix.
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To infer the origin of the samples, we constructed a random forest model. The 
performance of the model was evaluated using four parameters: overall accuracy, 
precision, recall, and F1 score (Table 1). The overall accuracy of random forest models 
built using various 16S regions exhibited slight variation, ranging from 70% to 85%. 
Unexpectedly, the model in the V1-V9 region showed the worst prediction accuracy, 
whereas the V4 region achieved the highest accuracy. Among these, the prediction 
accuracy for OrE samples was the highest, reaching 100%, followed by NaS samples 
based on the F1 score. For other sample types, the prediction accuracy of each variable 
region followed this order: PaS >InaS > CiraS, while for the V1-V9 region, it was InaS > PaS 
> CiraS.

Additionally, we calculated the mean decrease Gini (MDG) values and selected 30 
important species at the genus level, as shown in Table S3. The results showed that 
the important species in various sub-regions were not much different from those in the 
V1-V9 region, and there were only no more than two species differences. It is worth 
noting that the important species in the V5-V9 region were completely identical to those 
in the V1-V9 region.

Sequence variation of 16S rRNA gene primer-binding sites

In our study, we conducted an in-depth statistical analysis to assess sequence variability 
at the primer binding sites. Taking the NaS sample as an example, we combined the 
full-length 16S sequence data from all individuals, eliminated duplicate sequences, 
and curated a set of “unique” sequences. We then extracted subsets of sequences 
corresponding to each of the primer binding sites used in our analyses. Figure 6 
presents the prevalent sequence variations and identifies the predominant bacterial 
groups associated with these variations. To ensure statistical relevance, we excluded 
sequence variations with fewer than five reads, operating under the premise that 
variations constituting less than 0.1% of the total may lack authenticity or statistical 

FIG 5 Upset plot showing the shared microbial biomarkers between the individual 16S regions from five types of skin samples studied.
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significance. Our findings indicate that primer binding sites exhibited varying numbers 
of base variations, many of which did not fall within the range of degenerate primers.

A particularly noteworthy observation is that specific bacterial groups were 
associated with unique primer variants. Among the primers evaluated, the forward 
primer designed to target the V4 region displayed minimal variation. However, 
challenges were identified with other primer sets: notably, the commonly employed 
reverse degenerate primer for the V4 region was found to mismatch with sequen
ces from the Propionibacteriaceae, Flavobacteriales, and Saccharimonas. This mismatch 
may hinder the amplification and subsequent detection of these groups. Similarly, 
the forward primer for the V5-V9 region demonstrated potential mismatches at two 
positions for taxa such as Erysipelotrichales, RF39, Cyanobacteriia, and Verrucomicro
biae, potentially reducing the sensitivity of detection for these microbial groups. The 
forward primer for the V3-V4 region and reverse primer for the V1-V2 region demonstra
ted potential mismatches at three positions such as Gemmataceae, Pirellulaceae, and 
Paracoccus.

DISCUSSION

The landscape of human skin microbiology research is rapidly evolving, with a 
pronounced shift toward extensive sample collection, cohort studies, and practical 
applications spanning various sectors including medicine, environmental science, and 
forensics, as highlighted in references (39–41). The full-length 16S rRNA gene sequencing 
marks a transformative advancement in microbial research, facilitating an unparalleled 
taxonomic resolution of microbial community compositions, as noted in references (21, 
39). Despite its advantages, the adoption of full-length 16S rRNA gene sequencing is 
hampered by several challenges including the selection of sequencing platforms, the 
technical complexity of the methodologies, stringent requirements for DNA integrity and 
content, and the associated high costs. In this context, opting for targeted sequencing 

TABLE 1 Overall accuracy, precision, recall (sensitivity), and F1 score of the random forest classifier for 
different 16S regions across the five types of skin samples

InaS (%) CiraS (%) PaS (%) NaS (%) OrE (%)

V1-V9 Random Forest (Overall accuracy 73.81%)
Precision 57.14 66.67 71.43 83.33 100.00
Recall 88.89 44.44 55.56 83.33 100.00
F-1 Score 69.56 53.33 62.50 83.33 100.00

V1-V2 Random Forest (Overall accuracy 78.57%)
Precision 57.14 66.67 100.00 100.00 100.00
Recall 88.89 66.67 66.67 66.67 100.00
F-1 Score 69.56 66.67 80.00 80.00 100.00

V1-V3 Random Forest (Overall accuracy 80.95%)
Precision 57.14 71.43 100.00 100.00 100.00
Recall 88.89 55.56 77.78 83.33 100.00
F-1 Score 69.56 62.50 87.50 90.91 100.00

V3-V4 Random Forest (Overall accuracy 80.95%)
Precision 66.67 62.50 100.00 85.71 100.00
Recall 88.89 55.56 66.67 100.00 100.00
F-1 Score 76.19 58.83 80.00 92.31 100.00

V4 Random Forest (Overall accuracy 83.33%)
Precision 66.67 75.00 100.00 85.71 100.00
Recall 88.89 66.67 66.67 100.00 100.00
F-1 Score 76.19 70.59 80.00 92.31 100.00

V5-V9 Random Forest (Overall accuracy 80.95%)
Precision 61.54 66.67 100.00 100.00 100.00
Recall 88.89 66.67 66.67 83.33 100.00
F-1 Score 72.73 66.67 80.00 90.91 100.00
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of specific 16S sub-regions using second-generation high-throughput sequencing 
technologies emerges as a pragmatic approach to satisfy the foundational requirements 
of both research and practical applications (42).

This study leverages full-length 16S sequencing data derived from microbial 
communities across various human skin sites to systematically assess the classification 
efficiency of different 16S sub-regions. It unequivocally demonstrates that full-length 
16S sequences offer a more comprehensive genetic insight into microbial communities 
and enable a higher resolution of microbial community profiling. Furthermore, our 

FIG 6 Sequence variation of 16S rRNA gene primer-binding sites. Nucleotide sites identical to the most common consensus sequence (the first listed) are 

represented as dots. The degenerate primer sequences are shaded gray, and the main variation sites are highlighted in red.
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findings affirm that the V1-V3 region is particularly well-suited for skin microbiome 
profiling, corroborating previous research findings (22). Notably, the resolution provided 
by the V1-V3 region more closely approximates that of full-length 16S sequencing 
compared with other hypervariable regions, underscoring its suitability and effectiveness 
for detailed microbial community analysis in skin microbiome studies (21).

Our study has elucidated that full-length 16S ribosomal RNA (rRNA) gene sequenc
ing possesses a superior discriminatory capability compared with targeted sequencing 
of specific sub-regions. Despite this advantage, a significant number of ASVs within 
the V1-V9 region remain unannotated at the species level (14%-23%), highlighting a 
limitation in the resolution of skin microbial identification. Here, we propose several 
possibilities: (i) balance between conservation and variability: the 16S rRNA gene 
contains highly conserved and variable regions; even with full-length sequencing, the 
conservation of these regions may not provide sufficient resolution to distinguish 
genetically very close species (43). (ii) Intraspecies genetic variation: Even within the 
same species, different strains may have variations in the 16S rRNA gene sequence. 
This intraspecies variation can sometimes make species-level identification challenging 
(44). (iii) Technical and methodological limitations: sequencing errors and primer bias 
can affect the quality and accuracy of sequencing data. Additionally, the accuracy of 
the bioinformatics tools and databases used can impact the final species identification 
(16). (iv) Incompleteness of databases and reference sequences: many microbes have 
not yet been cultured and sequenced, meaning that even with full-length 16S rRNA 
sequencing, it might not be possible to accurately identify all species (45). (v) Ecological 
and evolutionary factors: gene horizontal transfer and recombination events among 
microbial species can cause differences in the 16S rRNA gene sequence, which may 
mislead species identification and analysis (46).

Furthermore, our comparative analysis between ASV and OTU clustering methodolo
gies yielded not entirely consistent results, which align with expectations, given their 
fundamentally different algorithmic bases, as referenced in (47). OTU clustering groups 
sequences that exhibit less than a predetermined percentage of dissimilarity, commonly 
set at 3%, potentially leading to the amalgamation of similar yet taxonomically distinct 
bacteria within the same OTU, as discussed in references (48, 49). Conversely, ASVs, 
generated through the divisive amplicon denoising algorithm of DADA2 (50), offer a 
much finer resolution, distinguishing sequences based on single-nucleotide differences. 
This precision has contributed to the growing popularity of ASVs for microbial commun
ity analysis (49). Given these distinctions, our research predominantly focused on the 
enumeration and analysis of ASVs.

Notably, PaS and CiraS samples harbored a substantial number of bacterial species 
that could not be definitively classified at the species level. We hypothesize that this 
phenomenon may be attributed to the direct and frequent interaction of PaS and CiraS 
samples with the external environment (51, 52). Such interactions facilitate transient 
colonization by a wide array of environmental microbes, thereby enriching the microbial 
diversity within these samples but also increasing the prevalence of taxa represented 
by lower abundance. This observation underscores the complex and dynamic nature 
of microbial communities, particularly in contexts with high environmental exposure, 
and highlights the challenges in achieving comprehensive microbial identification and 
classification (53).

Differences in the taxonomic resolution of various 16S variable regions in analyz
ing bacterial community composition and diversity are minimal for the same type of 
samples. Although there are significant differences at the species level, we contend that 
this does not accurately reflect the actual situation, as our previous analyses have shown 
limited resolution even with full-length 16S sequencing. This seems to be supported in 
part by the high proportion of “others” at the species level. One possibility is that more 
bacteria were not annotated at the species level. Thus, caution is required when using 
16S sequences to study skin microbial communities at the species level, we recommend 
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that research should be conducted at the genus level or higher or more recommended 
metagenomic sequencing analysis (21, 42, 54).

The PCoA, NMDS, and UPGMA cluster analyses adopted in this study consistently 
demonstrated that clustering of the skin samples based on different 16S sub-regions did 
not show obvious differences. Judging from the clustering results of the OrE samples, 
we believe that the effectiveness of differentiation is more dependent on whether 
the microbial community composition characteristics of the samples themselves are 
significant. When collecting samples, it was inevitable that a certain amount of saliva 
was mixed into the OrE samples. The microbial community composition of saliva is 
significantly different from that of skin samples (55), leading to the significant difference 
between OrE and other sample types, manifested as pronounced self-clustering and 
clear separation from other samples.

The microbial biomarkers with high LDA values are generally consistent across the 
different 16S sub-regions including the V1-V9 region. However, the sub-region has more 
unique microbial biomarkers with lower LDA values, especially for PaS and CiraS samples 
with high environmental exposure, and microbial community diversity. We posit that the 
main reason for this phenomenon is that 16S hypervariable regions sequencing reads 
contain limited sequence variation, as well as inherent preferences in primer binding and 
microbial annotation, which introduce systematic errors during the analysis of different 
types of samples, resulting in varying outcomes for the same type of samples analyzed in 
different 16S hypervariable regions (14, 16).

Despite numerous analyses in this study revealing that the V4 region performed worst 
in classifying skin bacterial communities, it exhibited the highest accuracy in predicting 
the sample origin based on the random forest algorithm. This is indeed difficult to 
explain reasonably. We speculate that the excessively low genetic information content 
in the V4 region, leading to poor analytical ability and higher error rate of the V4 region 
may artificially increase the differences in microbial communities between different 
types of samples, thereby making successful predictions easier (30, 56). Moreover, when 
we selected the TOP 30 important bacteria based on the MDG values, there were no 
significant differences in the various variable regions. This implies that there may be 
other factors causing differences in the predictive ability of the random forest model, 
such as low MDG values or low abundance bacteria (57).

Building upon our findings and grounded speculations, our investigation extended 
to the sequence variation at the primer-binding sites of the 16S rRNA gene, which 
reaffirmed the variability inherent to these sites across different hypervariable regions. 
Importantly, our statistical analysis revealed that certain sequence variations displayed 
a predilection for specific bacterial taxa. This finding partially elucidates the differen-
ces observed among the various 16S hypervariable regions and their comparison 
to the V1-V9 regions, offering a tangible explanation for the differential outcomes 
noted in microbial community analyses. The occurrence of base sequence variations 
at primer-binding sites represents a facet of biological evolution, a phenomenon that 
necessitates a more nuanced understanding. Consequently, there is a pressing need 
for more exhaustive and detailed research efforts aimed at cataloging these variations. 
Such efforts should strive to identify patterns within the sequence variability of 16S 
rRNA, enabling the selection of the most appropriate hypervariable regions for specific 
research endeavors. These findings highlight the critical importance of primer selec
tion and design in the accurate representation and analysis of microbial communities, 
underscoring the need for careful consideration of primer specificity and the potential 
for sequence variation to impact microbial diversity studies.

Conclusions

Our comprehensive analysis underscores that full-length 16S rRNA gene sequencing 
offers superior taxonomic resolution for delineating the composition of the skin 
microbiome over methods that target specific variable regions. This enhanced resolution 
facilitates a more accurate and detailed understanding of microbial communities present 
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on the skin. Interestingly, our findings also highlight the V1-V3 region’s comparably 
high discriminatory power, which rivals that of the entire 16S gene. This observation is 
particularly significant as it provides valuable insight for researchers when selecting the 
most appropriate 16S regions for their studies, especially in contexts where sequencing 
resources may be limited or when DNA quality is insufficient for full-length 16S rRNA 
gene sequencing.

The equivalence in the discriminatory potential between the V1-V3 region and the 
full 16S rRNA gene sequencing is a critical insight for fields such as forensic microbiol
ogy, where precise taxonomic resolution is paramount for the accurate identification of 
microbial evidence. This knowledge allows for more informed decision-making regarding 
the selection of 16S rRNA gene regions for sequencing efforts, balancing the need for 
detailed taxonomic resolution with the practical considerations of sequencing costs and 
technical complexity.

Moreover, these findings serve as a vital reference for the broader research commun
ity, guiding the selection of sequencing strategies that best align with the objectives and 
constraints of various studies. By informing the choice of targeted 16S regions based 
on their demonstrated taxonomic resolution capabilities, our study contributes to the 
optimization of microbial research methodologies across diverse fields, enhancing the 
accuracy and efficiency of different skin microbial community analyses.

ACKNOWLEDGMENTS

The authors express their sincere gratitude to all those who have contributed to the 
successful completion of this project. Their appreciation extends to the participants 
of this study for their willingness to contribute to the advancement of knowledge in 
forensic science.

This study was supported by grants from the National Natural Science Foundation of 
China (No.82371896, No.82072123).

H.Z.: Methodology, Validation, Formal analysis, Investigation, Data Curation, Writing 
- original draft, and Writing - review & editing. X.W.: Software, Validation, and Writ
ing - review & editing. A.C.: Project administration and Resources. S.L.: Resources 
and Data curation. R.T.: Resources and Data curation. K.C.: Data curation. P.H.: Project 
administration, Supervision. L.L.: Project administration and Supervision. J.H.: Method
ology, Supervision, and Conceptualization. S.Z.: Methodology, Project administration, 
Writing - review & editing, Supervision, Funding acquisition, and Conceptualization. C.L.: 
Methodology, Supervision, and Conceptualization.

Written informed consents were obtained from all individual participants included in 
the study.

AUTHOR AFFILIATIONS

1Institute of Forensic Science, Fudan University, Shanghai, China
2Department of Forensic Medicine, Guizhou Medical University, Guiyang, Guizhou, China
3Institute of Cancer Stem Cell, Cancer Center, Dalian Medical University, Dalian, Liaoning, 
China
4MOE Key Laboratory of Contemporary Anthropology, Department of Anthropology and 
Human Genetics, School of Life Sciences, Fudan University, Shanghai, China
5Shanghai Key Laboratory of Forensic Medicine, Shanghai Forensic Service Platform, 
Ministry of Justice, Academy of Forensic Science, Shanghai, China
6Key Laboratory of Cell Engineering of Guizhou Province, Clinical Stem Cell Research 
Institute, Affiliated Hospital of Zunyi Medical University, Zunyi, Guizhou, China
7Department of Forensic Medicine, School of Basic Medical Sciences, Fudan University, 
Shanghai, China
8The Key Laboratory of Environmental Pollution Monitoring and Disease Control, Ministry 
of Education, Guizhou Medical University, Guiyang, Guizhou, China

Research Article mSystems

July 2024  Volume 9  Issue 7 10.1128/msystems.00399-2416

https://doi.org/10.1128/msystems.00399-24


AUTHOR ORCIDs

Chengtao Li  http://orcid.org/0000-0001-6852-9144
Suhua Zhang  http://orcid.org/0000-0002-3984-9728

FUNDING

Funder Grant(s) Author(s)

MOST | National Natural Science Foundation of China (NSFC) 82371896 Suhua Zhang

MOST | National Natural Science Foundation of China (NSFC) 82072123 Suhua Zhang

DATA AVAILABILITY

The raw sequencing data from this study have been deposited in the Genome Sequence 
Archive (GSA), Chinese Academy of Sciences (GSA: CRA015299) that are publicly 
accessible at https://ngdc.cncb.ac.cn/gsa.

ETHICS APPROVAL

This project was approved by the Ethics Committee of Fudan University (2023C011) 
before it started.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Fig. S1 (mSystems00399-24-s0001.tif). Distribution of the top 30 high-abundance 
bacteria at the species level for various 16S regions.
Fig. S2 (mSystems00399-24-s0002.tif). Two-dimensional NMDS plot for different types 
of skin samples.
Fig. S3 (mSystems00399-24-s0003.tif). Phylogram tree constructed from different types 
of skin samples.
Supplemental legends (mSystems00399-24-s0004.docx). Legends for Figures S1 to S3 
and Tables S1 to S3.
Table S1 (mSystems00399-24-s0005.xlsx). Primer pairs targeting regions of the 16S 
rRNA gene.
Table S2 (mSystems00399-24-s0006.xlsx). The microbial biomarkers and LDA values for 
different 16S regions across the five types of skin samples.
Table S3 (mSystems00399-24-s0007.xlsx). The top 30 importance species and MDG 
values.

REFERENCES

1. Dethlefsen L, McFall-Ngai M, Relman DA. 2007. An ecological and 
evolutionary perspective on human–microbe mutualism and disease. 
Nature 449:811–818. https://doi.org/10.1038/nature06245

2. Grice EA, Segre JA. 2011. The skin microbiome. Nat Rev Microbiol 9:244–
253. https://doi.org/10.1038/nrmicro2537

3. Grice EA. 2014. The skin microbiome: potential for novel diagnostic and 
therapeutic approaches to cutaneous disease. Semin Cutan Med Surg 
33:98–103. https://doi.org/10.12788/j.sder.0087

4. Nicholas-Haizelden K, Murphy B, Hoptroff M, Horsburgh MJ. 2023. 
Bioprospecting the skin microbiome: advances in therapeutics and 
personal care products. Microorganisms 11:1899. https://doi.org/10.
3390/microorganisms11081899

5. Bayal N, Nagpal S, Haque MM, Patole MS, Valluri V, Suryavanshi R, Mande 
SS, Mande SC. 2019. 16S rDNA based skin microbiome data of healthy 
individuals and leprosy patients from India. Sci Data 6:225. https://doi.
org/10.1038/s41597-019-0232-1

6. Oh J, Byrd AL, Deming C, Conlan S, Kong HH, Segre JA, NISC Compara
tive Sequencing Program. 2014. Biogeography and individuality shape 
function in the human skin metagenome. Nature 514:59–64. https://doi.
org/10.1038/nature13786

7. Liu Q, Ranallo R, Rios C, Grice EA, Moon K, Gallo RL. 2023. Crosstalk 
between skin microbiota and immune system in health and disease. Nat 
Immunol 24:895–898. https://doi.org/10.1038/s41590-023-01500-6

8. Procopio N, Lovisolo F, Sguazzi G, Ghignone S, Voyron S, Migliario M, 
Renò F, Sellitto F, D’Angiolella G, Tozzo P, Caenazzo L, Gino S. 2021. 
“Touch microbiome” as a potential tool for forensic investigation: a pilot 
study. J Forensic Leg Med 82:102223. https://doi.org/10.1016/j.jflm.2021.
102223

9. Schmedes SE, Woerner AE, Budowle B. 2017. Forensic human 
identification using skin microbiomes. Appl Environ Microbiol 
83:e01672-17. https://doi.org/10.1128/AEM.01672-17

Research Article mSystems

July 2024  Volume 9  Issue 7 10.1128/msystems.00399-2417

https://ngdc.cncb.ac.cn/gsa/search?searchTerm=CRA015299
https://ngdc.cncb.ac.cn/gsa
https://doi.org/10.1128/msystems.00399-24
https://doi.org/10.1038/nature06245
https://doi.org/10.1038/nrmicro2537
https://doi.org/10.12788/j.sder.0087
https://doi.org/10.3390/microorganisms11081899
https://doi.org/10.1038/s41597-019-0232-1
https://doi.org/10.1038/nature13786
https://doi.org/10.1038/s41590-023-01500-6
https://doi.org/10.1016/j.jflm.2021.102223
https://doi.org/10.1128/AEM.01672-17
https://doi.org/10.1128/msystems.00399-24


10. Tozzo P, D’Angiolella G, Brun P, Castagliuolo I, Gino S, Caenazzo L. 2020. 
Skin microbiome analysis for forensic human identification: what do we 
know so far? Microorganisms 8:873. https://doi.org/10.3390/microor
ganisms8060873

11. Zhang J, Yu D, Wang Y, Shi L, Wang T, Simayijiang H, Yan J. 2023. Tracing 
recent outdoor geolocation by analyzing microbiota from shoe soles 
and shoeprints even after indoor walking. Forensic Sci Int Genet 
65:102869. https://doi.org/10.1016/j.fsigen.2023.102869

12. Clarke T, Brinkac L, Greco C, Alleyne AT, Carrasco P, Inostroza C, Tau T, 
Wisitrasameewong W, Torralba MG, Nelson K, Singh H. 2022. Sampling 
from four geographically divergent young female populations 
demonstrates forensic geolocation potential in microbiomes. Sci Rep 
12:18547. https://doi.org/10.1038/s41598-022-21779-z

13. Neckovic A, A H van Oorschot R, Szkuta B, Durdle A. 2020. Challenges in 
human skin microbial profiling for forensic science: a review. Genes 
(Basel) 11:1015. https://doi.org/10.3390/genes11091015

14. Santiago-Rodriguez TM, Le François B, Macklaim JM, Doukhanine E, 
Hollister EB. 2023. The skin microbiome: current techniques, challenges, 
and future directions. Microorganisms 11:1222. https://doi.org/10.3390/
microorganisms11051222

15. Findley K, Oh J, Yang J, Conlan S, Deming C, Meyer JA, Schoenfeld D, 
Nomicos E, Park M, Kong HH, Segre JA, NIH Intramural Sequencing 
Center Comparative Sequencing Program. 2013. Topographic diversity 
of fungal and bacterial communities in human skin. Nature 498:367–370. 
https://doi.org/10.1038/nature12171

16. Abellan-Schneyder I, Matchado MS, Reitmeier S, Sommer A, Sewald Z, 
Baumbach J, List M, Neuhaus K. 2021. Primer, pipelines, parameters: 
issues in 16S rRNA gene sequencing. mSphere 6:e01202-20. https://doi.
org/10.1128/mSphere.01202-20

17. Wang Y, Zhang R, Pu Y, Wang D, Wang Y, Wu X, Pan Y, Luo C, Zhao G, 
Quan Z, Zheng Y. 2023. Sample collection, DNA extraction, and library 
construction protocols of the human microbiome studies in the 
international human phenome project. Phenomics 3:300–308. https://
doi.org/10.1007/s43657-023-00097-y

18. Claesson MJ, Wang Q, O’Sullivan O, Greene-Diniz R, Cole JR, Ross RP, 
O’Toole PW. 2010. Comparison of two next-generation sequencing 
technologies for resolving highly complex microbiota composition 
using tandem variable 16S rRNA gene regions. Nucleic Acids Res 
38:e200. https://doi.org/10.1093/nar/gkq873

19. Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA, 
Turnbaugh PJ, Fierer N, Knight R. 2011. Global patterns of 16S rRNA 
diversity at a depth of millions of sequences per sample. Proc Natl Acad 
Sci U S A 108 Suppl 1:4516–4522. https://doi.org/10.1073/pnas.
1000080107

20. Na HS, Song Y, Yu Y, Chung J. 2023. Comparative analysis of primers 
used for 16S rRNA gene sequencing in oral microbiome studies. 
Methods Protoc 6:71. https://doi.org/10.3390/mps6040071

21. Johnson JS, Spakowicz DJ, Hong B-Y, Petersen LM, Demkowicz P, Chen L, 
Leopold SR, Hanson BM, Agresta HO, Gerstein M, Sodergren E, Weinstock 
GM. 2019. Evaluation of 16S rRNA gene sequencing for species and 
strain-level microbiome analysis. Nat Commun 10:5029. https://doi.org/
10.1038/s41467-019-13036-1

22. Meisel JS, Hannigan GD, Tyldsley AS, SanMiguel AJ, Hodkinson BP, 
Zheng Q, Grice EA. 2016. Skin microbiome surveys are strongly 
influenced by experimental design. J Invest Dermatol 136:947–956. 
https://doi.org/10.1016/j.jid.2016.01.016

23. Castelino M, Eyre S, Moat J, Fox G, Martin P, Ho P, Upton M, Barton A. 
2017. Optimisation of methods for bacterial skin microbiome investiga
tion: primer selection and comparison of the 454 versus MiSeq platform. 
BMC Microbiol 17:23. https://doi.org/10.1186/s12866-017-0927-4

24. Eid J, Fehr A, Gray J, Luong K, Lyle J, Otto G, Peluso P, Rank D, Baybayan 
P, Bettman B, et al. 2009. Real-time DNA sequencing from single 
polymerase molecules. Science 323:133–138. https://doi.org/10.1126/
science.1162986

25. Jain M, Olsen HE, Paten B, Akeson M. 2016. The oxford nanopore MinION: 
delivery of nanopore sequencing to the genomics community. Genome 
Biol 17:239. https://doi.org/10.1186/s13059-016-1103-0

26. Mosher JJ, Bowman B, Bernberg EL, Shevchenko O, Kan J, Korlach J, 
Kaplan LA. 2014. Improved performance of the PacBio SMRT technology 
for 16S rDNA sequencing. J Microbiol Methods 104:59–60. https://doi.
org/10.1016/j.mimet.2014.06.012

27. Wagner J, Coupland P, Browne HP, Lawley TD, Francis SC, Parkhill J. 2016. 
Evaluation of PacBio sequencing for full-length bacterial 16S rRNA gene 
classification. BMC Microbiol 16:274. https://doi.org/10.1186/s12866-
016-0891-4

28. Rozas M, Brillet F, Callewaert C, Paetzold B. 2021. MinION nanopore 
sequencing of skin microbiome 16S and 16S-23S rRNA gene amplicons. 
Front Cell Infect Microbiol 11:806476. https://doi.org/10.3389/fcimb.
2021.806476

29. Benítez-Páez A, Portune KJ, Sanz Y. 2016. Species-level resolution of 16S 
rRNA gene amplicons sequenced through the MinION portable 
nanopore sequencer. Gigascience 5:4. https://doi.org/10.1186/s13742-
016-0111-z

30. Katiraei S, Anvar Y, Hoving L, Berbée JFP, van Harmelen V, Willems van 
Dijk K. 2022. Evaluation of full-length versus V4-region 16S rRNA 
sequencing for phylogenetic analysis of mouse intestinal microbiota 
after a dietary intervention. Curr Microbiol 79:276. https://doi.org/10.
1007/s00284-022-02956-9

31. Klemetsen T, Willassen NP, Karlsen CR. 2019. Full-length 16S rRNA gene 
classification of Atlantic salmon bacteria and effects of using different 
16S variable regions on community structure analysis. Microbiolo
gyopen 8:e898. https://doi.org/10.1002/mbo3.898

32. World Medical Association. 2013. World medical association declaration 
of helsinki: ethical principles for medical research involving human 
subjects. JAMA 310:2191–2194. https://doi.org/10.1001/jama.2013.
281053

33. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, 
Alexander H, Alm EJ, Arumugam M, Asnicar F, et al. 2019. Reproducible, 
interactive, scalable and extensible microbiome data science using 
QIIME 2. Nat Biotechnol 37:852–857. https://doi.org/10.1038/s41587-
019-0209-9

34. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J, 
Glöckner FO. 2013. The SILVA ribosomal RNA gene database project: 
improved data processing and web-based tools. Nucleic Acids Res 
41:D590–D596. https://doi.org/10.1093/nar/gks1219

35. Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R. 2011. UCHIME 
improves sensitivity and speed of chimera detection. Bioinformatics 
27:2194–2200. https://doi.org/10.1093/bioinformatics/btr381

36. Hill TCJ, Walsh KA, Harris JA, Moffett BF. 2003. Using ecological diversity 
measures with bacterial communities. FEMS Microbiol Ecol 43:1–11. 
https://doi.org/10.1111/j.1574-6941.2003.tb01040.x

37. Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, 
Huttenhower C. 2011. Metagenomic biomarker discovery and 
explanation. Genome Biol 12:R60. https://doi.org/10.1186/gb-2011-12-
6-r60

38. Liaw A, Wiener M. 2002. Classification and regression by randomForest. R 
News 23:18–22. https://api.semanticscholar.org/CorpusID:3093707.

39. She J-J, Liu W-X, Ding X-M, Guo G, Han J, Shi F-Y, Lau H-H, Ding C-G, Xue 
W-J, Shi W, Liu G-X, Zhang Z, Hu C-H, Chen Y, Wong CC, Yu J. 2024. 
Defining the biogeographical map and potential bacterial translocation 
of microbiome in human “surface organs”. Nat Commun 15:427. https://
doi.org/10.1038/s41467-024-44720-6

40. Gilbert JA, Blaser MJ, Caporaso JG, Jansson JK, Lynch SV, Knight R. 2018. 
Current understanding of the human microbiome. Nat Med 24:392–400. 
https://doi.org/10.1038/nm.4517

41. Tshikantwa TS, Ullah MW, He F, Yang G. 2018. Current trends and 
potential applications of microbial interactions for human welfare. Front 
Microbiol 9:1156. https://doi.org/10.3389/fmicb.2018.01156

42. Buetas E, Jordán-López M, López-Roldán A, D’Auria G, Martínez-Priego L, 
De Marco G, Carda-Diéguez M, Mira A. 2024. Full-length 16S rRNA gene 
sequencing by PacBio improves taxonomic resolution in human 
microbiome samples. BMC Genomics 25:310. https://doi.org/10.1186/
s12864-024-10213-5

43. Hassler HB, Probert B, Moore C, Lawson E, Jackson RW, Russell BT, 
Richards VP. 2022. Phylogenies of the 16S rRNA gene and its hypervaria
ble regions lack concordance with core genome phylogenies. 
Microbiome 10:104. https://doi.org/10.1186/s40168-022-01295-y

44. Lavrinienko A, Jernfors T, Koskimäki JJ, Pirttilä AM, Watts PC. 2021. Does 
intraspecific variation in rDNA copy number affect analysis of microbial 
communities? Trends Microbiol 29:19–27. https://doi.org/10.1016/j.tim.
2020.05.019

Research Article mSystems

July 2024  Volume 9  Issue 7 10.1128/msystems.00399-2418

https://doi.org/10.3390/microorganisms8060873
https://doi.org/10.1016/j.fsigen.2023.102869
https://doi.org/10.1038/s41598-022-21779-z
https://doi.org/10.3390/genes11091015
https://doi.org/10.3390/microorganisms11051222
https://doi.org/10.1038/nature12171
https://doi.org/10.1128/mSphere.01202-20
https://doi.org/10.1007/s43657-023-00097-y
https://doi.org/10.1093/nar/gkq873
https://doi.org/10.1073/pnas.1000080107
https://doi.org/10.3390/mps6040071
https://doi.org/10.1038/s41467-019-13036-1
https://doi.org/10.1016/j.jid.2016.01.016
https://doi.org/10.1186/s12866-017-0927-4
https://doi.org/10.1126/science.1162986
https://doi.org/10.1186/s13059-016-1103-0
https://doi.org/10.1016/j.mimet.2014.06.012
https://doi.org/10.1186/s12866-016-0891-4
https://doi.org/10.3389/fcimb.2021.806476
https://doi.org/10.1186/s13742-016-0111-z
https://doi.org/10.1007/s00284-022-02956-9
https://doi.org/10.1002/mbo3.898
https://doi.org/10.1001/jama.2013.281053
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1111/j.1574-6941.2003.tb01040.x
https://doi.org/10.1186/gb-2011-12-6-r60
https://api.semanticscholar.org/CorpusID:3093707
https://doi.org/10.1038/s41467-024-44720-6
https://doi.org/10.1038/nm.4517
https://doi.org/10.3389/fmicb.2018.01156
https://doi.org/10.1186/s12864-024-10213-5
https://doi.org/10.1186/s40168-022-01295-y
https://doi.org/10.1016/j.tim.2020.05.019
https://doi.org/10.1128/msystems.00399-24


45. Chorlton SD. 2024. Ten common issues with reference sequence 
databases and how to mitigate them. Front Bioinform 4:1278228. https:/
/doi.org/10.3389/fbinf.2024.1278228

46. Miyazaki K, Tomariguchi N. 2019. Occurrence of randomly recombined 
functional 16S rRNA genes in Thermus thermophilus suggests genetic 
interoperability and promiscuity of bacterial 16S rRNAs. Sci Rep 9:11233. 
https://doi.org/10.1038/s41598-019-47807-z

47. Odom AR, Faits T, Castro-Nallar E, Crandall KA, Johnson WE. 2023. 
Metagenomic profiling pipelines improve taxonomic classification for 
16S amplicon sequencing data. Sci Rep 13:13957. https://doi.org/10.
1038/s41598-023-40799-x

48. Patin NV, Kunin V, Lidström U, Ashby MN. 2013. Effects of OTU clustering 
and PCR artifacts on microbial diversity estimates. Microb Ecol 65:709–
719. https://doi.org/10.1007/s00248-012-0145-4

49. Callahan BJ, McMurdie PJ, Holmes SP. 2017. Exact sequence variants 
should replace operational taxonomic units in marker-gene data 
analysis. ISME J 11:2639–2643. https://doi.org/10.1038/ismej.2017.119

50. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. 
2016. DADA2: high-resolution sample inference from Illumina amplicon 
data. Nat Methods 13:581–583. https://doi.org/10.1038/nmeth.3869

51. Wilkins D, Tong X, Leung MHY, Mason CE, Lee PKH. 2021. Diurnal 
variation in the human skin microbiome affects accuracy of forensic 
microbiome matching. Microbiome 9:129. https://doi.org/10.1186/
s40168-021-01082-1

52. Neckovic A, van Oorschot RAH, Szkuta B, Durdle A. 2020. Investigation of 
direct and indirect transfer of microbiomes between individuals. 

Forensic Sci Int Genet 45:102212. https://doi.org/10.1016/j.fsigen.2019.
102212

53. Timm CM, Loomis K, Stone W, Mehoke T, Brensinger B, Pellicore M, 
Staniczenko PPA, Charles C, Nayak S, Karig DK. 2020. Isolation and 
characterization of diverse microbial representatives from the human 
skin microbiome. Microbiome 8:58. https://doi.org/10.1186/s40168-020-
00831-y

54. Heikema AP, Horst-Kreft D, Boers SA, Jansen R, Hiltemann SD, de Koning 
W, Kraaij R, de Ridder MAJ, van Houten CB, Bont LJ, Stubbs AP, Hays JP. 
2020. Comparison of Illumina versus nanopore 16S rRNA gene 
sequencing of the human nasal microbiota. Genes (Basel) 11:1105. https:
//doi.org/10.3390/genes11091105

55. Huttenhower C, Gevers D, Knight R. 2012. Structure, function and 
diversity of the healthy human microbiome. Nature 486:207–214. https:/
/doi.org/10.1038/nature11234

56. Qing W, Shi Y, Chen R, Zou Y, Qi C, Zhang Y, Zhou Z, Li S, Hou Y, Zhou H, 
Chen M. 2024. Species-level resolution for the vaginal microbiota with 
short amplicons. mSystems 9:e0103923. https://doi.org/10.1128/
msystems.01039-23

57. Watanabe H, Nakamura I, Mizutani S, Kurokawa Y, Mori H, Kurokawa K, 
Yamada T. 2018. Minor taxa in human skin microbiome contribute to the 
personal identification. PLoS One 13:e0199947. https://doi.org/10.1371/
journal.pone.0199947

Research Article mSystems

July 2024  Volume 9  Issue 7 10.1128/msystems.00399-2419

https://doi.org/10.3389/fbinf.2024.1278228
https://doi.org/10.1038/s41598-019-47807-z
https://doi.org/10.1038/s41598-023-40799-x
https://doi.org/10.1007/s00248-012-0145-4
https://doi.org/10.1038/ismej.2017.119
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1186/s40168-021-01082-1
https://doi.org/10.1016/j.fsigen.2019.102212
https://doi.org/10.1186/s40168-020-00831-y
https://doi.org/10.3390/genes11091105
https://doi.org/10.1038/nature11234
https://doi.org/10.1128/msystems.01039-23
https://doi.org/10.1371/journal.pone.0199947
https://doi.org/10.1128/msystems.00399-24

	Comparison of the full-length sequence and sub-regions of 16S rRNA gene for skin microbiome profiling
	MATERIALS AND METHODS
	Sample collection
	Full-length 16S rRNA gene sequencing
	In silico extraction of 16S sub-regions from full-length sequencing data
	Data analyses

	RESULTS
	Characterization of 16s rRNA full-length sequencing data
	Taxonomic classification
	Comparisons of microbial community structure and diversity analysis
	Comparative analyses among five distinct skin sample types
	Identification of bacterial biomarkers across diverse skin types and construction of random forest prediction model
	Sequence variation of 16S rRNA gene primer-binding sites

	DISCUSSION
	Conclusions



