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A B S T R A C T

The human skin microbiome is comprised of diverse communities of bacterial, eukaryotic, and viral taxa and

contributes millions of additional genes to the repertoire of human genes, affecting human metabolism and

immune response. Numerous genetic and environmental factors influence the microbiome composition and as

such contribute to individual-specific microbial signatures which may be exploited for forensic applications.

Previous studies have demonstrated the potential to associate skin microbial profiles collected from touched

items to their individual owner, mainly using unsupervised methods from samples collected over short time

intervals. Those studies utilize either targeted 16S rRNA or shotgun metagenomic sequencing to characterize

skin microbiomes; however, these approaches have limited species and strain resolution and susceptibility to

stochastic effects, respectively. Clade-specific markers from the skin microbiome, using supervised learning, can

predict individual identity using skin microbiomes from their respective donors with high accuracy. In this study

the hidSkinPlex is presented, a novel targeted sequencing method using skin microbiome markers developed for

human identification. The hidSkinPlex (comprised of 286 bacterial (and phage) family-, genus-, species-, and

subspecies-level markers), initially was evaluated on three bacterial control samples represented in the panel

(i.e., Propionibacterium acnes, Propionibacterium granulosum, and Rothia dentocariosa) to assess the performance of

the multiplex. The hidSkinPlex was further evaluated for prediction purposes. The hidSkinPlex markers were

used to attribute skin microbiomes collected from eight individuals from three body sites (i.e., foot (Fb), hand

(Hp) and manubrium (Mb)) to their host donor. Supervised learning, specifically regularized multinomial lo-

gistic regression and 1-nearest-neighbor classification were used to classify skin microbiomes to their hosts with

up to 92% (Fb), 96% (Mb), and 100% (Hp) accuracy. All samples (n = 72) regardless of body site origin were

correctly classified with up to 94% accuracy, and body site origin could be predicted with up to 86% accuracy.

Finally, human short tandem repeat and single-nucleotide polymorphism profiles were generated from skin swab

extracts from a single subject to highlight the potential to use microbiome profiling in conjunction with low-

biomass samples. The hidSkinPlex is a novel targeted enrichment approach to profile skin microbiomes for

human forensic identification purposes and provides a method to further characterize the utility of skin mi-

croflora for human identification in future studies, such as the stability and diversity of the personal skin mi-

crobiome.

1. Introduction

Diverse microbial communities of bacterial, fungal, and viral species

compose the human skin microbiome [1–3]. The skin microbiome can

be influenced by several genetic and environmental factors, such as

geography, health/disease states, and lifestyle (i.e., diet, hygiene, fre-

quent contact with others, etc.) [4–8], affecting the composition of an

individual’s microflora. Although, a large number of skin flora are

common to most individuals, overall skin microbial community profiles

can vary substantially in abundance of specific microbial taxa and un-

ique strain signatures [3,9]. Skin microbiome strain profiles can be

stable over long periods of time (e.g., at least up to 3 years [3]) and thus

make ideal candidates for genetically profiling microbiomes for forensic

purposes.
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Current forensic human identification methods typically rely on

targeting autosomal markers (e.g., short-tandem repeats (STRs)) to

create genetic profiles to compare evidentiary items with profiles gen-

erated from a reference sample from an individual(s) [10–16]. In some

cases when the evidentiary sample may be degraded or contain low

amounts of DNA (i.e., low-copy number (LCN) DNA), high-copy

number (HCN) markers (e.g., the mitochondrial genome [17] or hy-

pervariable regions of the mitochondrial genome [18,19]) are targeted.

Other HCN markers, such as skin microbiome genetic markers may

provide additional identifying genetic information which can be used

independently or potentially in conjunction with partial human forensic

marker profiles. Microbial cells transfer from the skin to objects just as

with human cells, and these microbial cells are likely greater in number

than human cells, ∼10,000 bacterial cells/cm2 collected per skin swab

[20]. The higher number of skin microbial cells than human cells and

presence of individual-specific skin microbiome signatures may make

skin microbiome profiling a viable approach for potential forensic ap-

plications. However, before skin microbiome profiling can be used for

forensic human identification, a robust and reproducible method tar-

geting stable, microbial polymorphic genetic markers must be estab-

lished.

Previous studies have demonstrated the potential to use skin mi-

crobiome profiling for forensic applications, mainly targeting the 16S

rRNA gene and using unsupervised methods to demonstrate that skin

microbiome profiles from touched objects resemble their individual

donors [21–23]. Supervised learning (i.e., classification) has been used

in a limited capacity to classify skin microbiome samples from in-

dividuals collected at a single time point or over short time intervals

[24,25]. Most studies characterizing skin microbiomes have relied on

either targeted 16S rRNA sequencing or shotgun metagenomic se-

quencing; however, neither of these methods are ideal for forensic

characterization of skin microbiomes due to limited species and strain

resolution and susceptibility of stochastic effects, respectively. An al-

ternative approach would be to use targeted sequencing of select sets of

informative markers shown to provide individualizing resolution that

are stable over time. A reliable method with the capability of strain-

level resolution could be developed for forensic analyses and allow for

sufficient coverage of informative sites, even from body sites with low-

abundant taxa.

In a previous study, Schmedes et al. [26] mined a publically avail-

able dataset [3] comprised of shotgun metagenomic skin microbiomes

collected from 12 individuals, 17 skin body sites, sampled at three time

points over a time period of> 2.5 years to identify stable clade-specific

markers. Markers were identified that provided individualizing re-

solution at each body site based on skin microbiome profiles generated

using the nucleotide diversity (i.e., a measure of strain-level hetero-

geneity of the microbial population (See Methods and materials)) of

each marker. Supervised learning, specifically regularized multinomial

logistic regression (RMLR) and 1-nearest-neighbor classification (1NN),

was used to attribute skin microbiome profiles to their individual host

with high accuracy [26]. Subsets of clade-specific markers also were

selected, which provide comparable classification accuracies to that of

using all markers evaluated, as candidates to develop a targeted panel

for skin microbiome characterization for human identification purposes

[26]. Candidate markers were selected from 14/17 body sites, ex-

cluding three sites from the feet, which lacked sufficient coverage and

stability for classification [26].

In this study, a novel targeted sequencing panel, the hidSkinPlex,

was developed based on candidate markers from Schmedes et al. [26]

for skin microbiome profiling for forensic human identification. The

markers within the hidSkinPlex panel are contained in one multiplex

amplification assay for targeted sequencing on the Illumina MiSeq

system. Initially, the performance (i.e., sensitivity and specificity) of the

hidSkinPlex was assessed using control bacterial genomic DNA from

three bacterial species, Propionibacterium acnes, Propionibacterium

granulosum, and Rothia dentocariosa. The hidSkinPlex was further

evaluated using skin microbiome samples collected from three skin

sites, the toe web/ball of the foot (Fb), the palm of the non-dominant

hand (Hp) and the manubrium (Mb), in eight individuals. RMLR and

1NN classification were used to predict skin microbiomes originating

from specific body sites with their respective donors. Attribute selection

also was performed to identify subsets of hidSkinPlex markers that

provide similar or greater predictive power than the entire hidSkinPlex

panel for individual classification at each body site. Additionally,

maximum likelihood phylogenies of P. acnes strains, using P. acnes-

specific markers from the hidSkinPlex were constructed to characterize

P. acnes strains across body sites and individuals to determine if P. acnes

strains were more related at the level of the individual or the individual

at each body site. Finally, hidSkinPlex profiles and human-specific STR

and single-nucleotide polymorphism (SNP) profiles generated from the

same skin samples were compared to provide a case study on the po-

tential to use skin microbiome profiles in conjunction with human ge-

netic profiles for forensic investigative purposes.

2. Material and methods

2.1. Sample collection

Skin microbiome samples were collected from eight individuals

(four females, four males) sampled from the Mb, Hp, and Fb, according

to a protocol approved by the University of North Texas Health Science

Center (UNTHSC) Internal Review Board (IRB). Skin microbiome

samples were collected using 4N6FLOQSwabs™: Genetics (COPAN,

Brescia, Italy) pre-moistened with 30 μL sterile, molecular-grade water

(Phenix, Candler, NC). All skin swabs were collected by swabbing a

separate section of skin per replicate with firm pressure for 10 s on one

side of the swab head, rotated 180°, and then swabbed another 10 s. Mb

skin sites were collected ∼5 cm beneath the junction of the clavicles.

Hp samples were collected by swabbing separate sections of the palm

starting at the base of a finger (excluding the thumb) and extending

across the entire length of the palm. Fb samples were collected by

swabbing between each toe web space and extending down the entire

length of the ball of the foot. Three replicate samples were collected

from each body site for a total of nine swabs collected per individual

(n = 72). Each subject filled out a questionnaire to retrieve associated

metadata related to the subject regarding bioancestry, hygiene, health/

disease state, and recent travel. No subjects were eliminated from the

study due to answers on the questionnaire. Swabs were either stored at

−20 °C until DNA extraction or extracted directly.

2.2. DNA extraction and quantification

Total DNA was extracted from skin swabs collected from subjects

S001-S004 using the MO BIO BiOstic® Bacteremia DNA Isolation Kit

(MO BIO Laboratories, Inc. Carlsbad, CA) following the manufacturer’s

protocol with the following modifications. The CB1 buffer was added

directly to the MicroBead tube followed by adding the swab to the

buffer/bead solution and allowed to soak for 5 min with occasional

rotation of the swab. Next, the swab head was snapped off, along the

break point on the plastic applicator, and left in the tube proceeding to

the 70 °C incubation step; the remainder of the manufacturer’s protocol

was followed as prescribed. A swab blank was included with each ex-

traction. DNA extracts were stored at −20 °C. Total DNA was extracted

from skin swabs collected from subjects S005-S008 using the QIAamp

BiOstic Bacteremia DNA Kit (Qiagen, Hilden, Germany), the new ver-

sion of the previous MO BIO kit. The same modified swab protocol was

followed except the swab head could not fit in the new PowerBead tube.

Instead, the swab was soaked with agitation in the MBL buffer (pre-

viously CB1) for at least 5 min followed by adding the supernatant from

the swab tube directly to the PowerBead tube, proceeding to the 70 °C

incubation step; the remainder of the manufacturer’s protocol was

followed as prescribed. Total DNA was quantified using the Qubit® 2.0
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Fluorometer with the Qubit® dsDNA HS Assay Kit (ThermoFisher

Scientific, Eugene, OR).

2.3. Development of the hidSkinPlex panel and multiplex primer design

Markers included in the hidSkinPlex panel were selected by

Schmedes et al. [26]. Briefly, publically-available shotgun metage-

nomic sequence datasets generated by Oh et al. [3] were mined to

identify universal clade-specific markers (i.e., markers unique to a

particular microbial taxonomic clade) that were stable over the tested

time interval, which could be used to differentiate individuals based on

their individual-specific skin microbiome signatures. The Oh et al. [3]

data were comprised of skin microbiomes from 12 healthy individuals,

17 skin body sites, and 3 time points (sampled over a period of>

2.5 years). The nucleotide diversities of clade-specific markers, from

the MetaPhlAn2 [27] database, common to all individuals and time

points at each body site, were calculated and used as features with

RMLR and 1NN classification with and without attribute selection (e.g.,

correlation-based feature selection) to attribute skin microbiomes to

their respective host donors. Attribute selected markers (i.e., a subset of

markers with comparable predictive power as all shared markers) were

included in the hidSkinPlex panel. Markers included in the hidSkinPlex

panel identified in Schmedes et al. [26] were selected from samples

which met the following criteria for sample inclusion: 50x maximum

read depth at any shared marker site, 10x average read depth for all

shared markers, and detected in all 3 time points for each individual per

body site. Marker sites were included for analysis using a threshold of

5x read depth. Additional attribute selected markers, which were not

selected by Schmedes et al. [26], were included in the hidSkinPlex

panel to build in redundancy in the panel in case particular markers

failed to amplify. Additional markers were selected using marker in-

clusion thresholds of 2x and 10x read depth and an additional sample

set (30x maximum read depth at any shared marker site, 5x average

read depth for all shared markers, and detected in all 3 time points for

each individual per body site) with marker inclusion thresholds of 2x

and 5x read depth at each marker site. The final hidSkinPlex panel

contained 286 markers from 22 bacterial (and phage) clades (Table S1).

Custom primers (n = 572) for each hidSkinPlex marker (n = 286)

were designed by Verogen, Inc. Primers were designed to produce

amplicons with maximum coverage across each marker reference se-

quence with no overlapping primers. Primers for amplicons less than

200 bp also incorporated the Nextera Transposase sequence (Illumina,

Inc., San Diego, CA) on the 5′ end of the primer to ensure transposition

during library preparation.

2.4. Development and evaluation of the hidSkinPlex multiplex assay

The hidSkinPlex amplification assay was developed using the

QIAGEN® Multiplex PCR Plus Kit (Qiagen) and three bacterial DNA

controls (P. acnes Strain SK137, P. granulosum D-34, and R. dentocariosa

Strain M567) (ATCC, Manassas, VA). The quantities of total bacterial

genomic DNAs were determined using the Qubit® 2.0 Fluorometer with

the Qubit® dsDNA BR Assay Kit (ThermoFisher Scientific). Each of the

custom primers were at 100 μM final concentration (Integrated DNA

Technologies, Coralville, IA) and pooled to make a working stock,

175 nM for each primer. Multiplex reaction conditions, following re-

commendations in the protocol for “Multiplex PCR fragments up to

1.5 kb in length” [28], were as follows for a 50 μL reaction: 25 μL

Multiplex PCR Master Mix; 5 μL 10x primer mix; 5 μL 5x Q-Solution

(with and without); 1 ng template DNA; molecular-grade water (vo-

lume varies according to volume of sample added). Separate PCRs with

the following modified conditions were evaluated: 17.5 nM, 8.75 nM,

and 4.375 nM final primer concentrations, with and without the addi-

tion of Q-Solution, 1 ng each control DNA and a 1:1:1 mixture including

each bacterial control sample (1 ng total). PCR conditions were as fol-

lows: 95 °C for 5 min; 40 cycles (95 °C for 30 s; 55 °C, 57 °C or 59 °C for

3 min; 72 °C for 90 s); and 68 °C for 10 min. PCR product was purified

using the MinElute® PCR Purification Kit (Qiagen) and quantified using

the Qubit® 2.0 Fluorometer with the Qubit® dsDNA BR Assay Kit

(ThermoFisher Scientific). Purified PCR product was visualized on the

2200 TapeStation system (Agilent Technologies, Santa Clara, CA) with

the D1000 ScreenTape and reagents (Agilent Technologies) or with the

High Sensitivity D1000 ScreenTape and reagents (Agilent Technolo-

gies) (using a 1:20 dilution of purified PCR product).

2.5. Library preparation and hidSkinPlex targeted sequencing

Targeted hidSkinPlex sequencing libraries were prepared using the

Nextera XT DNA Library Preparation Kit (Illumina) with the Nextera XT

Index Kit v2 Set C (Illumina) and 1% spiked-in PhiX Control v3

(Illumina), following manufacturer’s protocol, using 90 μL volume of

Agencourt® AMPure® XP beads (Beckman Coulter, Inc., Brea, CA) during

library cleanup. Libraries were quality controlled and visualized on the

2200 TapeStation system (Agilent Technologies) with the High

Sensitivity D1000 ScreenTape and reagents. Pooled libraries were se-

quenced on the MiSeq (Illumina) using the MiSeq Reagent Kit v2 (300-

cycles) (Illumina) with a 2 × 150 bp read length.

DNA extracts from S001, including a reference buccal swab, also

were analyzed using the ForenSeq™ DNA Signature Prep Kit (Primer

Mix A) (Illumina) and sequenced on the MiSeq FGx™ Forensic Genomics

System (Illumina), following manufacturer’s instructions. ForenSeq

data were analyzed using STRait Razor v2 s [29].

2.6. Sequence quality control and data analysis

Sequence data were preprocessed using cutadapt [30] to trim bases

with a quality score less than 20 and remove reads less than 50 bases in

length. Adapters were previously removed on the MiSeq system before

data analysis. MetaPhlAn2 [27] was used to align sequence reads to the

MetaPhlAn2 reference database, which includes the markers in the

hidSkinPlex panel. Samtools [31] programs view, sort, stats, index,

bedcov and mpileup were used to retrieve alignment statistics and

calculate read depth and variant calls for each aligned marker in the

hidSkinPlex panel. To assess the performance of the hidSkinPlex, ac-

curacy calls (i.e, true positive (TP), true negative (TN), false positive

(FP), false negative (FN)) were designated by the following criteria:

TP = expected marker, present; TN = expected absent marker, absent;

FP = expected absent marker, present; FN = expected marker, absent.

The sensitivity (SN =
+

TP

TP FN
) and specificity (SP =

+

TN

TN FP
) of the

hidSkinPlex were calculated for accuracy calls using a threshold of 70 x

read depth (i.e., >maximum read depth observed in the reagent

blank).

Custom perl and R scripts were used to calculate the nucleotide

diversity (π), ∑= −π p p2 (1 )
n

i

n

i i
1

, where pi is the frequency of the

reference base at the ith site in the nth base of the marker (as described

in Nayfach et al. [32]) of each marker and construct feature vectors to

use for statistical classification. Classification was performed to attri-

bute skin microbiome profiles to their individual hosts using RMLR and

1NN in Weka [33] using n-fold cross validation where n is the sample

size and the training set is of size n − 1 (i.e., “leave-one-out cross-

validation” (LOOCV)). LOOCV helps provide precise estimates of pre-

diction accuracy by testing each sample against a maximally-sized

training set, minus the test sample, while mitigating the effects of

overfitting. It should be noted that cross-validation approaches may still

underestimate the overall (population) error rates. While this is espe-

cially true of approaches that do not perform within-fold optimization

(note that hyperparameter optimization was not performed in this

study), the error estimates presented in this study may still under-

estimate the overall population error rates as they are conducted using

a convenience sample. Attribute selection, using the CfsSubsetEval in

Weka [33], also was performed prior to each classification method to
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select for a subset of markers which may have similar weight than using

the full set. Subsets of markers were evaluated since hidSkinPlex mar-

kers were selected across 14 body sites at different read depth thresh-

olds, potentially building in marker redundancy and markers per-

forming best at particular body sites. Therefore, subsets of markers may

be better suited for classification at specific body sites. Upper and lower

95% confidence intervals on the binomial probability of the classifica-

tion accuracy estimates were calculated using the bionom.confint in the

binom R library [34] using the asymptotic method. Fisher’s Exact tests

were performed in R using the fisher.text function. All figures were

made in R using the ggplot2 [35] and cowplot [36] R libraries, unless

otherwise stated.

Principal components analysis (PCA), using the nucleotide diver-

sities of the hidSkinPlex markers, was performed using the prcomp

function in R. Maximum likelihood phylogenies of hidSkinPlex P. acnes

species-specific markers were constructed using MUSCLE [37] and

RAxML [38] as implemented in StrainPhlAn [39] and the “strainph-

lan_ggtree.R” script from https://bitbucket.org/biobakery/

breadcrumbs using the ggtree [40] and ggplot2 [35] R libraries.

2.7. Data and script accessibility

Sequence datasets can be found on the NCBI Sequence Read Archive

under BioProject ID accession PRJNA398026. Custom perl and R scripts

can be accessed at https://github.com/SESchmedes/hidSkinPlex.

3. Results

3.1. Development and evaluation of the hidSkinPlex targeted sequencing

assay

The hidSkinPlex panel consists of 286 clade-specific markers from

22 bacterial (and phage) clades selected from the MetaPhlAn2 [27]

reference database (Table S1), with> 65% of the markers from the

dominant skin flora, P. acnes. Primers were designed to maximize

coverage of each panel marker, without tiling, producing 286 ampli-

cons (n = 572 primers) ranging in size from 72 bp to 721 bp (average

464 bp) (Fig. 1). The percentage of the marker reference sequences

covered ranges from 32% to 100% (average 82%) with two amplicons

designed with lengths greater than the reference genomic region.

Nextera transposase sequences were incorporated into primers for

amplicons< 200 bp to improve tagmentation efficiency during library

preparation. Multiplex parameters including, the annealing tempera-

ture (i.e., 55 °C, 57 °C, and 59 °C), primer concentration (i.e., 17.5 nM,

8.75 nM, and 4.375 nM, each), and use of Q solution (QIAGEN) were

evaluated to test the performance of the panel on 1 ng of bacterial

control genomic DNA from P. acnes Strain SK137, P. granulosum D-34,

and R. dentocariosa Strain M567 which include at least 200 markers

from the hidSkinPlex panel. The hidSkinPlex also was assessed on a

1:1:1 mixture (1 ng total) of each bacterial control. Initially, the hidS-

kinPlex was evaluated using 17.5 nM primer concentration with an

annealing temperature of 57 °C. However, primer-dimer concentrations

were elevated (data not shown) and lower primer concentrations of

8.75 nM and 4.375 nM were used for a 3-stage temperature gradient

(e.g., 55 °C, 57 °C, and 59 °C) assessment of the multiplex. Samples

amplified using the following conditions were evaluated through the

full sequencing workflow, based on amplification assessment on the

Agilent 2200 TapeStation: 57 °C and 59 °C annealing temperatures;

8.75 nM primer concentration with and without Q solution (data not

shown); and 4.375 nM primer concentration without the addition of Q

solution (data not shown).

A total of 22.5 million raw sequencing reads (average ∼0.94 mil-

lion reads per sample) were generated with 14 million reads (average

∼0.58 million reads per sample) remaining after quality trimming and

filtering. A total of 242 markers amplified and were detected by se-

quencing; however, after implementing a threshold of ≥70x read

depth, 200/200 expected markers were detected and were sequenced

with average read depths (computed by total read depths at each base

across the marker/length of amplicon) per marker ranging from 70x

to> 49,000x read depth with an average of 1,278x ± 2,276 (SD) read

depth (all reads in the reagent blank were<70× and likely due to low-

level bacterial contaminants from reagents [41,42]) (Fig. 2A). The

performance of the panel was assessed by determining the proportion of

true positives, false positives, true negatives, and false negatives based

on expected marker presence/absence and calculating the sensitivity

and specificity of the hidSkinPlex (Fig. 3A, Table S2). The proportion of

true positives and true negatives ranged from<30% to>85%

(Fig. 3A); however, after implementing a threshold of 70x read depth

Fig. 1. A histogram of the amplicon sizes

present in the hidSkinPlex panel. (Bin

size = 5).
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the proportion of expected accuracy ranged from>85% to 100%

(Fig. 3B). The sensitivity of the hidSkinPlex panel, for 200/286 markers

at 70x read depth, ranged from 85%–98% with a specificity range of

76%–90% (Table S2). Average read depth across each marker for true

positives 70x read depth ranged from 70x to> 33,000x read depth

(average of 1,123x ± 1,508 (SD) read depth) (Fig. 2B). PCR para-

meters of 59 °C and 8.75 nM primer concentration without Q solution

(QIAGEN) were selected to assess the performance of the hidSkinPlex

on skin microbiome samples since these parameters resulted in overall

higher and more uniform read depth of expected markers evaluated on

each control sample (Figs. 2 and 3, S1). More weight was given to the

performance of P. acnes (n = 196) and the synthetic bacterial mixture

(n = 200), since the majority of markers in the panel cover this spe-

cies/sample as opposed to P. granulosum (n = 12) and R. dentocariosa

(n = 1).

3.2. Skin microbiome profiling and classification using the hidSkinPlex

The hidSkinPlex was evaluated on skin microbiome samples to as-

sess if enrichment of targeted clade-specific markers can be used to

differentiate individuals based on microbiome profiles. Skin micro-

biome samples were collected from eight individuals, sampled in tri-

plicate from Mb, Hp, and Fb (n = 72 samples). The Mb and Hp body

sites were selected for this study due to their forensic relevance (i.e., Mb

(shirt collar) and Hp (touch items)) and to overlap sites previously

tested by Schmedes et al. [26], where the classification accuracies were

generally higher. The foot was selected to determine if skin micro-

biomes from the foot can be used to differentiate individuals using

targeted enrichment of informative hidSkinPlex markers. Previous at-

tempts to use skin microbiome profiles using shotgun metagenomic

data from the foot were not possible [26] due to low sequence read

depth and/or coverage and high variability of markers at the foot body

site [3].

DNA extracts (50 μL total volume) from the collected skin micro-

biome samples generated quantification results of total DNA ranging

from<0.5 to 934 pg/μL. A total of 1 ng of DNA template or up to 20 μL

(maximum volume) of DNA template for each sample was amplified

using the hidSkinPlex and sequenced generating 122 million raw se-

quencing reads (average of ∼1.7 million reads per sample). Sequence

reads were preprocessed to remove sequence adapters, trim bases with

a quality score< 20 and remove reads< 50 bases in length resulting in

91.2 million total sequence reads (average ∼1.3 million reads per

sample) for downstream analysis. Sequence reads aligned to 282 out of

the 286 total markers in the hidSkinPlex panel with read depths per

marker ranging from 0.07x (less than 100% of the marker captured)

to> 64,000x read depth (average of 2,117x ± 6,305 (SD) read depth)

(Figs. 4, S2-4). A total of 183 markers, termed hereafter as universal

markers, were common to all individuals and all body sites with a

minimum of 2x read depth.

To assess the ability of select subsets of hidSkinPlex markers to

differentiate skin microbiomes from different individuals, skin micro-

biome profiles were constructed by calculating the nucleotide diversity

for each marker (See Methods). Marker nucleotide diversity captures

the level of heterozygosity of each marker and can capture strain level

variation [26,32]. Nucleotide diversities were calculated for seven read

depth thresholds (i.e., 2x, 10x, 25x, 50x, 100x, 150x, 200x) for samples

at each body site and all sites combined. Classification was performed

for all body site samples combined to test the prediction accuracy when

the body site is unknown to the classifier, in contrast to previous studies

[9,24–26] in which the body site was known (i.e., conditioning on the

Fig. 2. The average read depth at each hidSkinPlex marker. A) Marker read depth at each marker in the hidSkinPlex (n = 286) for a synthetic bacterial mixture containing equal amounts

of genomic DNA from Propionibacterium acnes, Propionibacterium granulosum, and Rothia dentocariosa. B) Marker read depth at each expected marker (i.e., “true positive”, n = 200) for a

synthetic bacterial mixture containing equal amounts of genomic DNA from P. acnes, P. granulosum, and R. dentocariosa. PCR parameters tested, include: 57 °C and 59 °C annealing

temperatures; A = 8.75 nM final primer concentration; B = 4.375 nM final primer concentration; Q = addition of Q solution. (Markers ordered by clade then amplicon size for each PCR

multiplex parameter, on a log scale).
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Fig. 3. Performance of the hidSkinPlex on bacterial controls Propionibacterium acnes, Propionibacterium granulosum, and Rothia dentocariosa. Accuracy calls (i.e, true positive (TP), true

negative (TN), false positive (FP), false negative (FN)) were designated by the following criteria: TP = expected marker, present; TN = expected absent marker, absent; FP = expected

absent marker, present; FN = expected marker, absent. A) Proportion of accuracy calls using a threshold of 1x read depth. B) Proportion of accuracy calls using a threshold of 70 x read

depth (i.e., >maximum read depth observed in the reagent blank). Sample names: BacMix = synthetic bacterial mixture containing equal amounts of genomic DNA from P. acnes, P.

granulosum, and R. dentocariosa; Pacnes = P. acnes; Pgran = P. granulosum; RB = reagent blank; Rdent = R. dentocariosa. PCR parameters tested, include: 57 °C and 59 °C annealing

temperatures; A = 8.75 nM final primer concentration; B = 4.375 nM final primer concentration; Q = addition of Q solution.

Fig. 4. The average read depth at each hidSkinPlex marker present in eight individuals from the toe web/ball of the foot (Fb), palm of the non-dominant hand (Hp) and manubrium (Mb).

Markers are ordered by clade then amplicon size on a log scale.
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body site). Skin microbiome profiles were assessed using subsets of

universal (i.e., markers common to all individuals and body sites, in-

cluding all replicates) and non-universal markers (i.e., all markers

present across all samples, including common and unique markers).

PCA of skin microbiomes profiles using universal markers depicted

samples from the same individual at Fb, Hp, and Mb body sites clus-

tering more closely than samples from different individuals, with few

exceptions (Fig. 5). This cluster pattern was less apparent when con-

sidering all samples together, regardless of body site; however, some

clustering was still observed (Fig. 5). While unsupervised learning, such

as PCA, can facilitate data visualization, supervised methods are ne-

cessary to calculate predictive accuracies for sample classification.

RMLR and 1NN classification were used to attribute skin micro-

biome samples to their respective individual donors using LOOCV.

RMLR and 1NN were performed using skin microbiome profiles com-

prised of universal and non-universal markers at each read depth

threshold (i.e., 2x, 10x, 25x, 50x, 100x, 150x, 200x) (Fig. 6). Classifi-

cation accuracies (i.e., the percentage of samples classified correctly)

were highest for Hp, ranging from 95.8 to 100% (average 97.9% ± 2.1

(SD)) using 98–207 (threshold 200 x and 2×, respectively) universal

markers (Table S3). Classification accuracies for Mb (threshold 200x

and 25x/50x/150x, respectively) ranged from 70.8-95.8% (average

86.3% ± 6.9 (SD)). Classification accuracies calculated using enriched

hidSkinPlex markers from the Hp and Mb were comparable and not

significantly different from classification accuracies calculated using

shotgun data [26] (p = 1 for Hp and Mb; Fisher’s Exact Test). The

hidSkinPlex enrichment successfully amplified common markers shared

by all individuals on Fb, 37–188 markers (threshold 200x and 2x, re-

spectively). The Fb results are substantially different from using

shotgun sequencing data, where only 2–5 markers were common to

individuals [26]. Classification accuracies for the Fb ranged from

54.2–83.3% (average 73.2% ± 7.5 (SD)). Another notable difference

using targeted enrichment of common markers across body sites was

the ability to classify microbiomes to their respective donor using all

samples, when the body site was unknown to the classifier, in contrast

to previous studies when the body site was known/assumed [9,24–26].

Classification accuracies for all samples ranged from 68.06 to 97.2%

(average 87.6% ± 7.7 (SD)) using 17–183 markers (threshold 200 x

and 2x, respectively). RMLR and 1NN also were performed using non-

universal markers at each threshold; however, average classification

accuracies were lower for all body sites (Table S4). The only im-

provement using non-universal markers was an increase in classifica-

tion accuracy up to 91.7% (threshold 10x) using 254 markers on Fb. To

compare classification accuracies using targeted markers and shotgun

data from the Fb, RMLR and 1NN were performed using shotgun data

from the plantar heel (Ph), toenail (Tn), and toe web space (Tw) (body

sites excluded from Schmedes et al. [26]) and were found to be sig-

nificantly lower than classification accuracies calculated using enriched

hidSkinPlex markers (p < 0.00001; Fisher’s Exact Test). The highest

classification accuracy from the foot using shotgun data was 23% at the

Tw body site.

Attribute selection (see Methods) was performed using LOOCV with

RMLR and 1NN classification to determine if reduced subsets of

hidSkinPlex markers produce comparable or increased classification

accuracies (Fig. 6). Additionally, attribute selection may allow for the

selection of the most differentiating markers which may be better suited

for microbiome profiling of particular body sites. hidSkinPlex marker

subsets ranged in size from 8 to 20 (all), 15–31 (Fb), 38–64 (Hp), and

13–43 markers (Mb) (Table S3). Classification accuracies using attri-

bute selected markers were similar to accuracies using full sets of

markers, a finding previously reported by Schmedes et al. [26] with

shotgun metagenomic data. This finding also was observed when using

Fig. 5. Principal components analysis of the nucleotide diversity of universal hidSkinPlex markers for each body site (threshold, ≥10x read depth). A) All samples regardless of body site.

B) Toe web/ball of the foot (Fb). C) Palm of the non-dominant hand (Hp). D) Manubrium (Mb).
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non-universal markers (Table S4).

3.3. Propionibacterium acnes strain characterization

P. acnes has been shown to be a dominant skin flora with single-

nucleotide variant (SNV) profiles [3], clade-specific marker phylogenies

and pangenome gene presence/absence profiles that are stable over

time [26]. To determine if P. acnes strains are more closely related at

the individual level (i.e., regardless of body site) or more closely related

at a particular body site for each individual, maximum-likelihood

phylogenies were constructed using P. acnes-specific hidSkinPlex mar-

kers (> 65% of the hidSkinPlex panel) enriched in each body site to

evaluate P. acnes strain-level variation across all body sites and in-

dividuals (Figs. 7, S5–S7). If P. acnes strains are more closely related at

the individual level, all nine samples from a particular individual would

be more closely related and branch out from a common node, a pattern

not observed in Fig. 7. Only all nine samples for one individual form an

individual-specific clade in the tree; however, samples from Mb and Hp

from two additional individuals do form unique clades specific to those

particular individuals. Instead, P. acnes strains tend to be more closely

related if originating from the same individual and same body site,

although some exceptions are evident (Fig. 7). Unique individual-spe-

cific clades of P. acnes strains were most evident for Hp and Mb as

compared to Fb (Figs. S5–7) and less diversity was observed between

strains from different individuals in samples from Hp (Fig. S6).

3.4. Body site classification

The hidSkinPlex panel was developed with clade-specific markers

selected for their ability to differentiate skin microbiome samples from

different individuals. While the main purpose of the hidSkinPlex is for

individual identification, body site identification was evaluated to de-

termine if hidSkinPlex markers could serve a dual classification pur-

pose. PCA of nucleotide diversities of non-universal hidSkinPlex mar-

kers showed clustering of skin microbiome samples from samples

collected from all three body sites, with greater variance observed

across Fb than Hp and Mb, thus resolving Fb more so from Hp and Mb

(Fig. 8). RMLR and 1NN classification were performed, with and

without attribute selection, as previously described, using skin

microbiome profiles comprised of nucleotide diversities of non-uni-

versal hidSkinPlex markers to predict body site classification (Table

S5). Body site classification was predicted with 69.4-86.1% accuracy

(average 78.5% ± 4.2 (SD)) using 232–275 non-universal hidSkinPlex

markers, respectively. Classification accuracies using 15–23 attribute

selected markers were nearly identical (Table S5).

3.5. hidSkinPlex profile coupled with human-specific STR and SNP profile

Skin microbiome profiling provides potential to generate additional

identifying genetic data than human genetic profiles alone for human

identification purposes. Given the higher copy number of microbial

cells to human cells, skin microbiome profiles may be used individually

but also in conjunction with partial human DNA profiles for in-

vestigative purposes, especially from touched evidentiary items. To

demonstrate this proof-of-concept, DNA extracts from female subject

S001 from Fb, Hp, and Mb (n = 9), in addition to a buccal reference

sample, were sequenced on the Illumina MiSeq FGx™ Forensic

Genomics System using the Illumina ForenSeq™ panel (Primer Mix A).

The recommended DNA input for the ForenSeq assay is 1 ng (5 μL

maximum input volume of template); however, DNA extracts from S001

(50 μL total volume) were low bio-mass samples with total DNA con-

centrations ranging from<0.5 pg/μL for samples from the hand Hp

and Mb and 56–86 pg/μL for samples from Fb. Thus all samples were

below the ForenSeq optimum input recommendation. Only one of the

nine samples yielded a full profile (Mb, replicate #3), while 8/9 sam-

ples yielded partial profiles ranging from 32% (Hp, replicate #1) to

99% (Mb, replicate #2) alleles detected (Fig. 9). The lowest numbers of

alleles detected were from samples collected from the hand (Hp), the

same samples which were classified with 100% accuracy using the

hidSkinPlex profile (Fig. 6). Considering these skin samples were

swabbed directly from the skin of the subject, similar trends (if not

lower amounts) would likely be recovered from touch items in a for-

ensic setting. The potentially more robust microbial profiles might be

able to increase the strength of an association of a sample with a donor.

Additional trace human alleles were detected from all nine skin

swab samples from female subject S001. This observation in and of it-

self was not surprising, considering human skin comes into contact with

touched objects and other people on a daily basis; however, in some

Fig. 6. Comparison of skin microbiome

classification accuracies using universal and

non-universal hidSkinPlex markers. RMLR

and 1NN, with and without attribute selec-

tion, were performed to attribute skin mi-

crobiomes to their respective individual host

at each body site (i.e., all samples (all), toe

web/ball of the foot (Fb), palm of non-

dominant hand (Hp), and manubrium

(Mb)).
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cases the trace alleles were the major contributor (File S1). Several of

these trace alleles were Y-chromosome STR alleles, potentially from 1

to 2 male donors (File S1). The majority of Y-STR alleles (n = 14 loci)

were detected from skin samples collected from Fb, although alleles

from the suspected male donors could be detected across all three body

sites. One could presume these likely come from cohabitating male

family member(s) such as a partner/spouse or other relatives. Future

studies would need to be conducted to collect samples from cohabiting

individuals to test the hypothesis that trace levels of human DNA, as

well as shared microbial DNA, are prevalent on the surface of the skin

Fig. 7. Maximum likelihood phylogeny of

Propionibacterium acnes strains present in

skin microbiomes from three skin body sites

and eight individuals. The P. acnes phylo-

geny was constructed using all P. acnes-

specific markers in the hidSkinPlex panel

(n = 187).

Fig. 8. Principal components analysis of the nucleo-

tide diversity of 261 non-universal hidSkinPlex

markers for all body sites (threshold, ≥10 x read

depth).
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for periods of time. Trace human and microbial DNA profiles might be

able to determine close contact and frequency of contact between in-

dividuals, potentially assisting sexual assault investigations.

4. Discussion

In this study, the hidSkinPlex, a novel targeted sequencing panel for

skin microbiome profiling for forensic human identification, is de-

scribed. The hidSkinPlex was developed to create a targeted enrichment

solution to maximize marker detection and read depth for skin micro-

biome profiling. The hidSkinPlex is comprised of 286 bacterial (and

phage) family-, genus-, species-, and subspecies-level markers pre-

viously selected by Schmedes et al. [26] by mining shotgun metage-

nomic datasets from skin microbiomes, sampled from 12 individuals

over a 3 year period. These markers were deemed likely to be in-

formative to differentiate microbiomes from individuals with a high

degree of accuracy. The hidSkinPlex was designed to be coupled with

Nextera XT library preparation to sequence on the Illumina MiSeq

system. Three bacterial controls (i.e., P. acnes Strain SK137, P. granu-

losum D-34, and R. dentocariosa Strain M567) were used to evaluate the

performance of the hidSkinPlex and yielded> 85% − 100% amplifi-

cation of expected markers (Fig. 3). The hidSkinPlex was evaluated on

skin swab samples collected from eight individuals and three body sites

(i.e., Fb, Hp, and Mb). Amplification of hidSkinPlex markers was suc-

cessful for all samples (n = 72), with amplification of 282/286 markers

across all individuals and body sites (average 2,117x sequencing read

depth), and 183 markers were common to all samples. Four markers

from Propionibacterium phage P100 A, Propionibacterium phage P1 1,

Propionibacterium phage PAD20, and Propionibacterium phage PAS50

were not detected in collected skin microbiomes samples, as well as the

bacterial controls. Possible explanations for not observing the phages

are they were not present, they failed to co-extract, or amplification

failed due to primer design or PCR conditions. The last explanation may

be likely given Propionibacterium phages are prevalent in the skin mi-

crobiome [2,3]. Further evaluation will be needed to determine the

cause of the absence of phage markers.

Bacterial contamination was observed in both the reagents blanks

for the control sequencing portion of the study as well as in the swab

blanks sequenced along with subject skin microbiome samples. In the

control sequencing run all reads in the reagent blank were 70x read

depth; however, an average 71× ± 183 (SD) read depth was observed

for the swab blanks sequenced with subject samples. These observations

were expected and likely unavoidable due to the prevalence of bacterial

contamination in laboratory reagents and consumables. Microbial

contamination within DNA extraction kits and laboratory water has

been observed and highlighted as cause for caution for microbiome and

other low-abundance microbial studies [41,42]. Two of the dominant

genera in the hidSkinPlex panel, Propionibacterium and Corynebacterium,

have been previously reported as common contaminants in reagents

[41]. Negative controls should be used to establish a baseline for such

studies. The performance of the hidSkinPlex was assessed using a

threshold of 70x read depth, to subtract reads from the reagent blank, to

calculate true positives and negatives. However, since it was unknown

what markers to expect or observe in each of the skin microbiome

samples, a threshold was not used to remove reads. Given the high

classification accuracies observed in this study (e.g., up to 92% (Fb) −

100% (Hp)), contamination likely did not significantly interfere with

classification. In future studies, deeper analysis of these contaminant

reads could be used to bioinformatically remove known contaminant

reads from subject samples. Since bacterial contamination in laboratory

reagents is a common issue, reagent and swab blanks should always be

processed through the entire workflow and sequenced to identify any

contaminants which may be present in reagents and consumables.

Classification accuracies using enriched clade-specific markers with

1NN classification for the Hp (up to 100%) and Mb (up to 96%) (Fig. 6,

Table S3) were both comparable and not significantly different (p = 1

for Hp and Mb; Fisher’s Exact Test) than accuracies observed from

shotgun metagenomic data, using clade-specific markers with 1NN

[26]. Additionally, hidSkinPlex markers from Fb were successfully

amplified and yielded classification accuracies up to 92% using non-

universal markers (Table S4). Individual classification accuracies using

skin microbiomes from Fb were significantly higher (p< 0.00001;

Fisher’s Exact Test) using enriched hidSkinPlex markers, as opposed to

markers from shotgun data which only yielded up to 23% classification

accuracy for the toe web space (Tw) foot site [26]. The ability to

classify skin microbiomes from the foot using a targeted enrichment

method is significant since the foot harbors highly variable and low-

abundant microbial communities [3], hindering classification using

shotgun metagenomic data [26]. The foot is a forensically relevant skin

site, and Goga [22] attempted to associate skin microbiome samples

collected from shoe insoles with the correct owners’ of the shoes using

unsupervised methods. The hidSkinPlex with RMLR and 1NN offers a

supervised approach to identify skin microbiomes sampled from the

foot.

Enrichment of hidSkinPlex markers provides the capability to

identify skin microbiomes from individuals when the body site is not

known to the classifier with up to 97% accuracy using markers shared

across Fb, Hp, and Mb (Fig. 6, Table S3-S4) and provides the ability to

identify the body site of origin of the skin microbiome sample with up

to 86% accuracy (Table S5). Thus, the hidSkinPlex can serve a dual

purpose, providing a method to not only identify individuals but also

predict the body site origin of skin microbiome evidentiary samples.

While the hidSkinPlex was not originally designed for body site clas-

sification, the addition of body site specific markers would likely yield

higher body site classification accuracies. Further analyses of body site

specific markers from shotgun metagenomic data would need to be

performed to assess the utility of additional marker inclusion to the

hidSkinPlex panel for body site identification capabilities.

P. acnes is a highly informative, forensically relevant target due its

high abundance on all skin surfaces and stability of individual-specific

strain-level profiles [3,26]. Oh et al. [3] previously reported that P.

acnes strain and SNV profiles are individual-specific and are similar

across body sites. Schmedes et al. [26] described the stability of in-

dividual-specific P. acnes pangenome gene presence/absence profiles

and P. acnes clade-specific phylogenies at individual body sites.

Since>65% of hidSkinPlex markers are from P. acnes, P. acnes strain

diversity was assessed across all body sites to determine if strains are

more closely related to individuals regardless of body site or more

closely related to individuals at a specific body site. With few excep-

tions, P. acnes strains tend to be more closely related by individual and

body site, in contrast to findings from Oh et al. [3] (Fig. 7). However,

additional analysis of P. acnes strain-specific SNPs identified in Oh et al.

Fig. 9. Percentage of ForenSeq STR/SNP alleles detected from skin swabs collected from

subject S001 from the toe web/ball of the foot (Fb = green), palm of the non-dominant

hand (Hp = red), and manubrium (Mb = blue). ForenSeq profiles were generated from

skin swab samples collected from female subject S001 and compared to a buccal reference

swab to determine of the percentage of ForenSeq STR and SNP alleles (n = 195) called

from low-biomass skin swab samples.
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[3], outside the hidSkinPlex markers, would need to be performed to

make a more appropriate comparison. The fact that these samples are

associated within individuals across body sites, in some cases, may

indicate samples collected from other body sites may be sufficient to

identify an individual, even if the forensic sample is from an un-tested

body site. To partially test this, classification was performed using all

hidSkinPlex markers without conditioning on the body site and ac-

curacies remained high (Fig. 6, Table S3-S4). Due to the influence of P.

acnes markers on individual classification at Hp and Mb (Figs. S6 and

7), additional P. acnes-strain specific SNP loci may be informative ad-

ditions to the hidSkinPlex panel for improved individual identification

capability, especially across multiple body sites.

Skin microbiome profiling serves as a potential tool to use in con-

junction with low-biomass or degraded samples which fail to yield full

human STR/SNP profiles of touched evidentiary items. In a small case

study, skin microbiome profiles (hidSkinPlex) and human forensic

profiles (Illumina ForenSeq panel A) were generated from the same

DNA extracts sampled for one female study subject to assess each

profile type generated from the same low-biomass samples. Few sam-

ples yielded complete or nearly-complete (92–99%) STR/SNP profiles

from Fb (n = 1) and Mb (n = 2). Only partial profiles, 32–52% com-

plete, were generated for all samples from the hand; however, for these

same samples using hidSkinPlex, profiles were able to be classified to

their respective individual host with 100% accuracy, highlighting the

potential microbiome profiles can provide, especially when used in

conjunction with partial human STR/SNP profiles. These samples were

collected directly from the skin, and not touched evidentiary items;

touched samples would likely yield lower profile completeness.

Multiple trace alleles were detected on all skin surfaces sampled from

subject S001, including Y-STR alleles, with some alleles comprising the

major contributor to the profile (File S1). Although, spurious alleles

would be expected at low levels, likely from coming into contact with

daily objects and surfaces touched by other individuals, detection of

alleles common in multiple samples, and in some cases the major

contributor, are likely to be due to frequent contact of subject S001,

such as a spouse or family member(s). In fact, previous studies have

demonstrated that microflora are more commonly shared among co-

habitating family members and couples than with individuals from

different households [6,43]. Indeed, Ross et al. [43] reported that mi-

croflora from the foot were more similar among couples than other

body sites. Interestingly, the majority of Y-STR alleles, potentially from

1 male donor, were detected on the foot from S001. Future studies will

address the level of trace human DNA shared by cohabiting couples and

family members, as well as microbial DNA using the hidSkinPlex, to

determine the potential of using foreign human and microbial DNA

from persons as trace evidence.

5. Conclusion

In this study, the initial development and evaluation of the

hidSkinPlex, a targeted sequencing panel for skin microbiome profiling

for forensic human identification, are presented. Skin microbiome

profiles generated using the hidSkinPlex from the foot, hand, and

manubrium were attributed to their respective individual host with up

to 92% (Fb) − 100% (Hp) accuracy. Additionally, body site origin

could be predicted with up to 86% accuracy. Future studies will assess

the stability of skin microbiomes collected over varying time intervals,

skin microbiome identification from touch samples coupled with

human genetic profiles, and the degree of shared microbiome sig-

natures between cohabitating couples and family members. Additional

markers for the foot body site, likely from Corynebacterium spp. (a

common genus colonizing the foot) and body site specific markers will

be evaluated for inclusion into the hidSkinPlex. Further development of

the hidSkinPlex will remove redundant markers (i.e., keep attribute

selected markers) and identify the most differentiating regions within

each marker in order to reduce amplicon size of these regions. Since the

hidSkinPlex is not yet optimized, primer redesign and concentrations

will be further evaluated to provide more uniform coverage and read

depth across markers. Finally, additional analysis and statistical

methods will be explored to develop analysis and interpretation

guidelines for use of skin microbiome profiling in the forensic setting.
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