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Abstract

Microorganisms flourish on and in the human body
and skin surfaces are the largest. The skin surface
microbiota can be transferred to an object upon touch.
This has forensic implications. This study explored
the hypothesis that residual skin bacteria left on fab-
rics could be valuable for forensic analysis. A non-
culture based approach was used, since it can reveal
a more diverse microbiome than culture-based meth-
ods. Fabrics examined were 100% cotton, 55% cot-
ton - 45% polyester fabric, and 100% polyester. Three
volunteers firmly grasped each fabric, and the DNA of
all the samples was extracted and analyzed for the
16S rRNA gene. The 454-Next generation sequencing
was used to observe the microbiome community rela-
tion between the individual and the fabrics in dendro-
gram and PCoA graph analyses. The analyses con-
firmed that the touched fabrics retained microorgan-
isms from the individual. The study reveals the poten-
tial value of the approach in forensic examinations.

Keywords: Microorganism, Fabrics, 16S rRNA, Next gen-
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Introduction

The human body is composed of an estimated hun-
dred trillion bacteria residing externally and endoge-
nously'. These bacteria constitute the human microbi-
ota. The microbiota provides us with traits; for exam-
ple, we rely on them to help us digest our food, resist
pathogens, and educate our immune system?>~.

The skin is a body habitat with complex regional
variation. The skin houses one of the largest human-
associated microbiota*. Although bacteria are common
on all skin surfaces, we focused on bacteria found on
the fingertips and palm, because of the tendency for
these surfaces to come in contact with other surfaces.
Also, these dynamic skin microbial habitats provide
nearly constant and varied exposures to environmental
surfaces. Because the microbiota survives environ-
mental stresses like dryness, ultraviolet radiation, and
temperature, these skin bacteria may persist on tou-
ched objects for a lengthy period of time>®.

Scientific fields like ecology and fermentation sci-
ence have long recognized the importance of microbi-
ology. In contrast, forensic science has largely ignored
the microbiome’. Because it is estimated that less than
1% of bacterial species can be cultivated in artificial
environment, microorganisms have been limited to
culture-dependent assay®’. However, this is likely to
change as rapid advances in molecular sequencing and
computational techniques change the way we appro-
ach the study of these organisms'®!". For example, it is
no longer necessary to culture organisms to identify
them. Metagenomics enables characterization of hun-
dreds or thousands of microorganisms that constitute
the microbial community, or microbiome, of an eco-
system. Analyses of bacterial communities target the
16S ribosomal RNA (rRNA) gene, which encodes the
small subunit of the bacterial ribosome. The 16S rRNA
gene is common among prokaryotes, but is not present
in eukaryotes. The gene contains species-specific vari-
able regions that are useful for identifying phylogenet-
ic relationships'?. The omnipresence and diversity of
microbiota have a more diverse application scope than
human DNA, therefore making it a potential source of
forensic evidence. This has been reflected in the increas-
ing recognition and use of microbial forensics in foren-
sic investigations'?.
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In many crime scenes, the suspect leaves behind bio-
logical evidence!'*'®. Human DNA in critical evidence,
such as bloodstain or semen, can be valuable. DNA
typing using short tandem repeat (STR) can be easily
performed to identify the suspect. However, the evi-
dence at crime scenes may feature inadequate quality
and low copy number of DNA, which cannot be de-
tected with the stringency needed for prosecution of
crimes, including those involving violence. Also, an
intelligent offender can take steps to eliminate residual
evidences of the crime scene with blood, semen, and
fingerprints, which can complicate offender detection.
Also, in most cases, human DNA found on a latent sam-
ple is difficult to type and cannot be used effectively in
a criminal investigation'>!'”. Therefore, a major chal-
lenge in forensic analysis is to develop the effective
utilization of samples that complement the existing
techniques. Even if human DNA cannot be detected
from the casual contact of the suspect, bacterial DNA
residing in and on the human body can be ubiquitously
detected>'.

The present study examined the hypothesis that
analysis of the microbiome present at a crime scene
will enable to find the relationship between the legiti-
mate individual (offender and victim). In this study, we
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examined the microflora deposited on fabrics follow-
ing hand contact (fingertips and palm). We selected
fabric, reflecting the great likelihood of contact bet-
ween a suspect’s hand and victim’s clothes at a crime
scene. The objectives of the current study were (1) to
ascertain diversity of sample’s microbiome, (2) to
understand the connection between an individual hand
with fabrics and (3) to see the difference of microbi-
ome on fabric, before and after contact.

Results

Comparison of Non-culture Method versus
Culture-based Method

We wanted to compare the efficacy of the non-cul-
ture method with culture-based method. The aim was
addressed in two different ways. After collection of the
sample, the fingertips and palm of the same individu-
als were swabbed using a cotton swab premoistended
in normal saline and Tween 20. Half the samples were
incubated in BHI broth for a day. The remainder was
directly used to extract DNA for comparison of the
results. The microbiome composition on fingertips and
palm of the same individual were markedly different,

Individual 2 (a)

QY

Individual 2 (b)

aaaaaaaa

futews group
Peoplonibacteniaceac. Lt s

Cicharichia <ol group
PIracoscus marinus

SUCPLOCOE TS SR ngUIniE
SUCPLOCOIOUS JusStialis
EFA3GIPT.

Feoploniba cte Swidum
Braviba cbarinm <Siond Qrous
Corynebact

oileontis Qrous
pekcenis subfava

OEh oD I Cheum, oS

fao. ARty ties

3
H
H

L2

FEEEIL A
Fusobacterivm periodonticuns
ore

=
Btreptocotous Infantis
L

i
A
H

edsntolylcus

£
Actin.

Atlnsnyces
Coryrebaciedum muifacicns

0 ECERREEERCER

Brevund monas Jurantiaca
Roicomeonss mucoa
Preugsxsnlbemenss mexiesns
ACACIODICTT -
Hacmoshdus painfliveniac
F3ZED033,,8

BINENE B0 EECCENAEEIECEN
3
NEEDEENECECSONEN BECE
4

Hicroco cous flavus
Iutes

:
g
i
g
:
&

Rhizoblaceic_wo s
Paracoccus naarcosil group
Sphingomeonas ledyi

Eicthylobacteriva Eardun

weilioncila aispar
Froplonibacienum agnes
GOrAOna PAYIEEPICANErang
Froplonibadieium e

EEEEEEE:
§
14

mosus
Cehrobacteum InLheop groun
oblum o

T

REEERER
ENSELEsE
7
2
!
i
§
»

=3

Figure 1. Comparison of non-culture and culture-based results. The (a) samples represent the non-cultured method and (b) are the
results from cultivated analysis. The inner pie indicates the phylum composition and the outer pie chart indicates the species com-
position. The names for each color appear below the figure. The nomenclature for each phylotype is based on the Extaxon-e data-
base. Species group of (a) indicates more diversity than species group of (b).



based on whether or not the sample was cultivated
(Figure 1). Taxonomic composition of the non-cul-
tured samples revealed marked species diversity in the
outer circle. On the other hand, only one species
(Bacillus anthracis group) was predominant in cul-
tured samples. Also, phylum Firmicutes were domi-
nant in the inner circle of sample (b). But sample (a)
showed more diverse phyla Actinobacteria and Proteo-
bacteria than sample (b). The findings in species and
phylum levels indicated that non-cultured analysis can
produce varied information about the microbiota than
the cultivation method. We thus confirm our objective
(1), which ascertains the diversity of the non-cultured
sample’s microbiome.

Relation between Number of Bacterial Gene
Sequence Reads and Species Richness

Bacterial DNA was extracted from the samples swab-
bed directly from the fingertips and palm. The bacteri-
al community composition was determined using the
barcoded fusion primer pyrosequencing procedure.
DNA purity and concentration of PCR products were
quantified by the BioDropuLITE; also the bacterial
genes were analyzed by NGS (Table 1). In the table,
samples represent the data from the fingertips and
palm, and fabrics surfaces. The concentration of sam-
ple (a) was much higher than the other samples. The
higher number of bacteria allowed greater bacterial
gene sequences to be obtained (9,493 bacterial gene
sequences from sample (a)). Figure 2 is a plot of a rar-
efaction curve (the number of species per sample) whi-
ch is a technique used to standardize and compare spe-
cies richness (or the number of species) that is comput-
ed from differently sized samples'®. The green line (c)
in Figure 2 denoted a slightly higher sequence read
than the other samples, but sample (a) had a markedly
lower number of OTUs compared to the other sam-
ples. Based on the data, this result indicated a lack of
connection between the number of gene sequence
reads and bacterial diversity.

Bacterial Community Composition

To confirm objective (2), we assessed differences in
overall bacterial community composition using the
UniFrac phylogeny-based metric?’. We used the
UniFrac distance metric, a widely-used measure for
comparison of two or more microbial communities,
and analyzed the dendrogram to hierarchically visual-
ize the microbiome among these samples. An Un-
weighted Pair Group Method with Arithmetic Mean
(UPGMA) dendrogram was generated from the Fast
UniFrac matrix which is a modification of the original
UniFrac algorithm?!. We identified clustering between
each individual hand and fabric they touched (Figure 3
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Table 1. Number of bacterial gene sequence read, PCR prod-
uct concentration and purity from each sample.

Sample Concentration Purity Bacterial gene
(ng/uL) (A260/A280) sequences
a 317.87 1.810 9,493
b 262.41 1.813 8,285
c 292.05 1.822 5,350
d 186.62 1.820 3,357
e 281.37 1.840 2,166
f 174.25 1.791 1,844
g 289.46 1.811 1,704
h 270.43 1.805 7,327
i 262.38 1.815 7,266
Rarefaction curve
400 —a

Number of OTUs

1 T 1 Ll 1
0 2000 4000 6000 8000 10000

Number of sequencing reads

Figure 2. Rarefaction curves obtained following a normalized
read size in each sample. The X axis indicates the number of
sequencing reads and the Y axis indicates the number of
OTUs. OTU refers to a group of sequences that are mathemat-
ically defined with a sequence similarity of 97% (the cut-off
boundary). Sample (a) is the highest number in the sequence
reads, while number of OTUs shows the lowest curve.

(A)). Cluster between Individual 1 (hand, cotton 100%
fabric) and Individual 2 (hand, blended fabric) showed
the different branch. After UPGMA dendrogram clas-
sification was carried out among these samples and
analyzed, the Principal Coordinates (PCoA) were
demonstrated. PCoA is a method to represent on a 2 or
3 dimensional chart, objects described by a square
matrix containing resemblance indices between these
objects. Samples of individual 1 and touched cotton
100% fabric grouped based on the Fast UniFrac, also
individual 2 and individual 3 samples were grouped
with touched fabric (Figure 3 (B)). Bacterial communi-
ties on the fabrics of a given individual were far more
likely to be similar compared to communities on the
fingertips and palm or fabrics of other individuals
(Figure 3). Also, the bacterial communities on the fin-
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Figure 3. Unweighted Pair Group Method with Arithmetic Mean dendrogram (A) and Principal coordinate analysis plot (B). (A)
UPGMA data shows visualize how communities are grouped. (B) The plot shows the degree of cluster pattern between each indi-
vidual and touched fabric based on a PCoA. Together these two results indicate a relation between the fabric and the fingertips used

to grip the fabric.

gertips and palm of individuals closely matched the
fabrics that the individual had gripped. The results
suggest that differences in fabric-associated bacterial
communities are likely caused by direct transfer of the
bacteria which reside on the fingertips. Together, these
two results demonstrate the similarity in bacterial
community structure between an individual’s finger-
tips and the fabric that the individual gripped.

Microbiome Analysis of Fabric before and
after Being Touched

We wanted to confirm the changes in the microbial
community composition of the fabric following hand
contact (the objective (3)). We sampled the fabric
before and after hand contact. Taxonomic composition
analysis was conducted by the genus level (Figure 4).
A total of twenty genera were identified. Five genera
among the total of twenty genera were dominant in all
the samples tested: Propionibacterium, Corynebacteri-
um, Ochrobactrum, Staphylococcus and Rhizobium.
The microbiome composition of the fingertips and
palm matched the composition recovered from the
touched fabrics. Several genera were detected between
touched fabrics and after contact. Table S1 shows all
the genera detected in the samples. The predominant
genus of the several genera shows in the Figure 4. In

the results of individual 1, the genus Raoultella was
not detected on cotton fabric before contact (¢c) howev-
er, this genus was detected in the hand of individual 1
(a) and the cotton fabric after contact (b). The propor-
tion of the genus Raoultella was 1.190% (a) and
1.178% (b), respectively (Table S1). The genus Micro-
coccus was detected in the hand of individual 2 (d) and
the blended fabric after contact (e), while the genus
was not recovered from the blended fabric before con-
tact (f). Micrococcus was detected in (d) (1.057%) and
(e) (3.007%) (Table S1). Also, the samples of individu-
al 3 showed the movement of genus that associated
before and after hand contact. The genus Clostridium
was detected in the hand of individual 3 (g) and the
polyester 100% after contact (h), but the genus was not
detected on polyester before contact. The proportion
of the genus Clostridium was 0.349% (g) and 0.052%
(h), respectively (Table S1). We thus assume that the
genus Raoultella existed in the hand of individual 1,
Micrococcus existed in the hand of individual 2 and
Clostridium existed in the hand of individual 3, and
these were transferred to the fabrics after contact.

Discussion

In this study, we investigated whether there is a bac-
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(A) Taxonomic composition
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a: Individual 1 hand

b: the cotton fabric after hand contact

c: the cotton fabric before contact
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e: the blended fabric after contact

f: the blended fabric before contact

g: hand of individual 3

h: the polyester fabric after contact
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Figure 4. Taxonomic composition analysis at the genus level. (A) The total genus, and (B) a focus on Raoultella, Micrococcus and
Clostridium. The genus Raoultella was present on the (a) and sample (b) that has been touched. The Raoultella was not present on
the sample (c). The genus Micrococcus was present on the (d) and sample (e) that has been touched. But the genus was not detected
in (f). Also, the genus Clostridium was present on the (g) and (h), but sample (i) not presented. ETC is a collection of minor compo-
nents whose portion is below the cutoff value (<1.0%). *The genus Clostridium accounts for less than 0.05%.

terial connection between an individual’s hand and
fabrics contacted by the fingertips and palm. Barcoded
fusion primer pyrosequencing obtained an average of
4,599 bacterial 16S rRNA gene sequences. This is a
markedly more diverse microbiome analysis than our
earlier research?? that was conducted using culture-
based method in all samples. The culture-based studies
found that the genus Bacillus dominated, being present
in 90% of samples. Typically, <1% of bacteria can be
cultivated in media*. Figure 1 shows that culture-based
analysis has a limited cultivated microbiome.
Individuals vary in their microbiota pattern in terms
of genus dominance, and the pattern in the human sta-
bilized even if the time elapsed®*2*. We presently con-
firmed that predominanted microorganisms differed in

individuals (Figure 1). For example, Propionibacteri-
um dominated in individual 1 (91.51%) but not in indi-
vidual 2 (Propionibacterium 40.35%; Ochrobactrum
24.72%) and individual 3 (Propionibacterium 37.27%;
Staphylococcus 25.29%; Ochrobactrum 15.87%).

The hand of individual 3 and touched polyester 100%
in UPGMA dendrogram seems like the different clus-
ter based on the Fast UniFrac distance (Figure 3(A)).
To accurately identify similarity and dissmilarity
between the samples (individual hand and touched fab-
ric), we used the PCoA analysis. PCoA results were
slightly different than the dendrogram results; for
instance, Individual 3 and touched fabric grouped one
circle in the PCoA plot (Figure 3(B)). In our study, the
results of dendrogram and PCoA allow the more exact
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analysis for microbime similarity between the sam-
ples.

We confirmed a connection between the fabrics and
after hand contact (Figure 4). Proportion of the genus
Raoultella, Micrococcus and Clostridium account for
1-3% of taxonomic composition genus level. The pro-
portion of about 1-3% among the total 100% of the
Taxonomic composition can be considered to be a low
proportion. However, a relatively small percentage of
the microbial community on the touched fibers is sig-
nificant. This is because the presence of the genus
Raoultella, Micrococcus and Clostridium accounted
for 0% of the total 100% on the non-touched fabrics.

A similar finding raised the possibility of personal
identification using the bacterial flora of human skin
following use of a computer keyboard and mouse?.
Another recent study quantified DNA recovered fol-
lowing touching of glass, fabric, and wood; however,
in these instances, there was a low recovery of DNA!7,
Since this study focused on recovery of human DNA.
Our study was more successful at recovery of bacterial
DNA, and demonstrated the close dependence of the
microbiome of fingertips and the touched object (Fig-
ure 3). It may be easier to recover bacterial DNA rath-
er than human DNA from touched object surfaces. The
present results must be considered provisional, given
the low numbers of sampled fabrics and volunteers.
Nonetheless, we confirmed a relation with between the
bacteria resident on hand and the touched objects.

To the best of our knowledge, this study documents
the microbial analysis approach by associating the
bacterial community in fabric touched by a person.
Our results indicate that the non-culture method shows
various microbiomes (Figure 1), there is a less correla-
tion between the number of bacterial gene sequence
read and bacterial diversity (Figure 2; Table 1). And
there is correlation the bacterial community between
touched fabric and individual hand (Figure 3; Figure
4). We think that the current studies between hand and
touched fabrics would be a beginning for future res-
earch to further explore the application of microbial
communities in the forensic sciences. Further research
is required to assess how the accurancy of this tech-
nique might compare with the more standard, and
widely accepted, forensic tools.

Materials and Methods

Sample Collection and DNA Extraction
Samples were collected from three Korean adult vol-
unteers. All three individuals were healthy at the time
of sampling. Because the microbiome composition
was significantly influenced by antibiotics, diet, and

smoking26, the volunteers were not being treated with
antibiotics. To compare the bacterial communities on
the fabrics with the microbial content of the volun-
teers, each volunteer was asked to hold a 5X5cm
piece fabric tightly in their fist for 5 min. There were
three fabrics: 100% cotton (fabric 1), 55% cotton -
45% polyester blended (fabric 2), and 100% polyester
(fabric 3). The fabrics were acquired at a drapery
store. Each of the fabrics, as well as the individual fin-
gertips and palms of each volunteer, were swabbed as
described below to explore the correspondence bet-
ween the bacterial communities of each person and the
bacterial fingerprints recovered from the three fabrics.
For a precise comparison, we also swabbed the fabric
immediately prior to the contact. Skin surface and fab-
ric samples were collected using autoclaved cotton-
tipped swabs moistened with 0.15 M NaCl and 0.1%
Tween 20%’. Swabbing is as effective as other skin
sampling methods for surveying bacterial diversity?.
To analyze the different microbiome with fabrics,
genomic DNA was extracted from the half of swabs
using the PowerSoil DNA isolation kit (MoBio, Solana
Beach, CA, USA). The cotton tip of each swab was
broken off directly into a bead tube. The power bead
tubes were incubated at 65°C for 10 min, and then
shaken horizontally at maximum speed for 10 min.
The remaining steps were performed as directed by the
manufacturer. The other half of cotton-tipped swab
was inoculated in 10 mL Brain Heart Infusion (BHI)
broth (Difco, Detroit, MI, USA), and then incubated
for 24 h at 37°C in a CO, incubator. Genomic DNA
was extracted using the aforementioned DNA isolation
kit.

PCR Amplification and Next Generation
Sequencing

PCR amplification was performed using primers tar-
geting the V1 to V3 regions of the 16S rRNA gene of
extracted DNA. For bacterial amplification, the bar-
coded primers were 27F (5'-CCTATCCCCTGTGTG-
CCTTGGCAGTC-TCAG-AC-GAGTTTGATCMTG-
GCTCAG-3'; the underlined sequence indicates the
target region primer; “TCAG’ indicates the key sequ-
ence; ‘AC’ is the linker sequence) and 518R (5'-CCA
TCTCATCCCTGCGTGTCTCCGAC-TCAG-X-AC-
WTTACCGCGGCTGCTGG-3') (http:/oklbb.ezbioclo-
ud.net/content/1001). The amplifications were carried
out using an initial denaturation at 95°C for 5 min, fol-
lowed by 30 cycles of denaturation at 95°C for 30 sec,
primer annealing at 55°C for 30 sec, extension at 72°C
for 30 sec, with a final elongation at 72°C for 5 min.
PCR products were confirmed using 1% agarose gel
electrophoresis with 0.5X TAE buffer, and were visu-
alized using a Gel Doc system (BioRad, Hercules, CA,



USA). The amplified products were purified with a
MinElute PCR purification kit (Qiagen, Valencia, CA,
USA) according to the manufacturer’s instructions.
The concentration and purity of the resulting DNA
were measured with a BioDropuLITE (BioDrop, Cam-
bridge, UK). Equal concentrations of purified products
were pooled together and short fragments (non-target
products) were removed using an Ampure bead kit
(Agencourt Bioscience, Beverly, MA, USA). Quality
and product size were assessed on a Bioanalyzer 2100
(Agilent, Palo Alto, CA, USA) using a DNA 7500 chip.
Mixed amplicons were used for emulsion PCR and
deposited on Picotiter plates. Sequencing was carried
out at Chunlab, Inc. (Seoul, Korea) using a 454 GS FLX
titanium next generation sequencing (NGS) system (Ro-
che, Branford, CT, USA) according to the manufactur-
er’s instructions.

Pyrosequencing Data Analysis

The basic analysis was conducted as previously
described?3!. Obtained reads from the different sam-
ples were sorted by unique barcodes of each PCR prod-
uct. The sequences of the barcode, linker, and primers
were removed from the original sequencing reads. Any
reads containing two or more ambiguous nucleotides,
low quality score (average score<25), or reads shorter
than 300 bp were discarded. Potential chimera sequenc-
es were detected by the bellerophone method, which
compares the BLASTN search results between the for-
ward-half and reverse-half sequences®. After removing
chimera sequences, the taxonomic classification of each
read was assigned against the EzTaxon-e database
(http://eztaxon-e .ezbiocloud.net)**, which contains the
16S rRNA gene sequence of type strains that have valid
published names and representative species level phylo-
types of either cultured or uncultured entries in the Gen-
Bank database with complete hierarchical taxonomic
classification from the phylum to the species. The rich-
ness and diversity of samples were determined by
Chaol estimation and Shannon diversity index at the
3% distance. Random sub sampling was conducted to
equalize read size of samples for comparing different
read sizes among samples. The overall phylogenetic
distance between communities was estimated using the
Fast UniFrac?!. To compare Operational Taxonomic
Units (OTUs) between samples, shared OTUs were
obtained with the XOR analysis of the CLcommunity
program (Chunlab Inc.).
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